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ABSTRACT

A proper understanding of the spatial and tempaaahtions of runoff and nutrient fluxes are
critical in understanding catchment hydrology. Rifirmmd nutrient fluxes may exhibit large
variations both spatially and temporally, but tiesue has largely been overlooked in the
existing literature. The present study intendsetgpond to two main research objectives: (a)
improve the understanding of the spatial and tealpwariations i(e. the dynamics) of
overland flow (OF) and its factors of control ai quantify the evolution of runoff, nutrient
and sediment fluxes from hillslope crest to catchioitlet.

The research study was undertaken in a 1000 hauétgral catchment of the Drakensberg
foothills in the Bergville District, KwaZulu-Nataouth Africa under rangeland, small scale
agriculture and commercial agriculture. The firbjextive was to evaluate the dynamics of
OF during four rainfall seasons (2007 to 2011) bing 1x1m2 microplots (n=15) located at
five landscape positions within the rangeland upaet of the catchment. Automatic tipping
buckets linked to a datalogger were used to estirtied delay between the start of the rain
and the start of OF, which corresponded to the teunoff initiation (TRI). Multivariate
analysis was applied to the OF data and the infbomaon selected environmental factors
(rainfall characteristics, selected soil physicalgerties, soil water content and soil surface
conditions). Nested scales of 1 and Hpiots, and 23, 100 and 1000 ha catchments equipped
with buckets for plots and conventional H-flumes éatchments, were used to quantify the
downstream evolution of water and nutrient (C, sN@nd P) fluxes. The fluxes were
compared with data from the shallow and deep groatelr (GW) collected from piezometers
and boreholes, respectively. This allowed for te&ednination of the mixing sources at the
three catchment outlets, using stable isotopesabém(to differentiate between old and new

water) and silica concentrations to identify sodter (SW) contributions.

The average OF rate varied 2.3-fold across thehkPot€atchment (from 15% footslope to
35% backslope), while the average TRI varied by &-fold factor (between 0.6 minutes in
the bottomland and 6.4 minutes at the footslopdéipa}. TRI temporal variations correlated
the most with the duration of rainfall (Pearsoroefficient of 0.8) and the cumulative amount
of rainfall after the onset of the rainy season-@Q.47), while TRI spatial variations were
significantly controlled by soil crusting (-0.97<<0.77). Water fluxes were found to increase



from the microplot scale (208 Ifnto the runoff plot scale (350 Ifindelivery ratio of 1.68).
The scale ratios calculated for the period of 20001 show that there was a steady decrease
in the delivery of water from the hillslope scatethe catchment scale. Cumulative water
fluxes were found to be 316 Ifrat the 23 ha catchment and 284%anthe 100 ha catchment
(delivery ratios of 0.90 and 0.89 respectively).t@vdluxes decreased sharply to 198%/n
the 1000 ha catchment outlets (delivery ratio GOQ. Runoff at the 23 ha catchment outlet
was sourced from the mixing of GW (average of 63%4},(22%) and SW (15%.) At the 100
ha outlet, GW contributions decreased to 50%, w@ifte contributions remained constant at
22% and SW contributions increased to 28%. The roamtributor at the 1000 ha catchment
was GW (55%) followed by SW (37%) and OF (8%). dgrthe strongest rainfall event of
the study period, OF contributed 97% to total rliradfthe 23 ha catchment outlet, whilst at
the 100 ha catchment, OF and SW both contributéd &ach. Groundwater in all cases was
the major contributor to runoff at the 1000 ha hatent outlet. Both dissolved organic
Carbon (DOC) and particulate organic Carbon (P@€Cjeiased from the microplot (8.44 and
25.51 g/m for DOC and POC) to the plot scale (14.92 and R&T). Lower vyields
occurred at the 23 ha catchment than on the tps(6.03 g/rhand 8.18 g/tf). From the 23
and 100 ha catchment outlets, POC sharply decreaséd6 g/m, while DOC increased
considerably to 9.58 g/mThis pointed to the decomposition of POC, whichanly releases
CO; to the atmosphere but also adds DOC to runoffthat1000 ha catchment, POC yields
were minimal due to a lack of eroded sedimentsswIOC decreased slightly (6.42 gjm
These results yield a better understanding of tloegsses of water, nutrient and Carbon

movements within landscapes.
A further understanding of the processes leadinghtnges of nutrient and carbon fluxes

needs to be performed in order to link this studthe overall ecosystem functioning of a

landscape.
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1. INTRODUCTION

1.1  Spatial and Temporal Variations of Overland Flow

Understanding spatiand temporal variations of water and nutrient fiixe landscapes is
essential for improved land management. In the feastdecades, many experimental studies
have been conducted to better understand rainfat#f processes. Although, there have been
many hydrologic studies performed worldwide for noyed understanding of hydrologic
processes, there is still a need to develop mettiodgharacterise runoff generation
mechanisms occurring over hillslopes. This wiliralitely lead to a better understanding of
the way in which a catchment generates flow and tloie impacts on the transport of

nutrients and sediments.

Classically, there are two mechanisms describingrland flow generation (Horton, 1933;
Hewlett and Hibbert, 1967):
a) Hortonian flow (generated when rainfall intensityceeds infiltration capacity of the
sail);
b) Saturation excess surface runoff (generated whenptdrched water table rises,
saturating the whole soil profile and ultimatelyeating a seepage face at the soil

surface).

Whilst these mechanisms have been used to classgfiyand flow generation throughout the
world, there is still a lack of knowledge in termkthe spatial and temporal variations of
overland flow and its factors of control (Sehal, 2010; Van de Giesest al, 2011). It is this
gap that this thesis seeks to address.

Surface areas within a catchment respond diffgrdatrainfall and it cannot be assumed that
overland flow generated within a landscape is umftoOverland flow generation is a highly
non-uniform and spatially-variable process compeandby a large degree of temporal
variation (Bergkamp, 1998; Cammeraat, 2001). Théeraction between the static
characteristics, such as topography, soil and weér and dynamic characteristics, such as

rainfall event characteristics, soil surface cadpdg, antecedent soil moisture conditions,



infiltration rates, soil hydraulic properties argktdepth to water table, all affect the overland
flow generated within a catchment (Casenave andnfial, 1992; Hernande al, 2003).

This complex interaction between many controllirgtbrs has been the subject of many
research studies. Williams and Bonell (1988), apical Australia, found that soil infiltration
and surface storage were highly spatially variabtelet al. (2002) found that the overland
flow was generated as a result of several intagdldactors, such as soil hydraulic
conductivity, surface depressions, initial soil @atontent, slope length, crack development
and crusts and seal formation on the soil surfaibese factors that affect the generation of
overland flow vary spatiallg.g. Hortonian flow occurs when the rainfall intensisygreater
than the infiltration rate of the soil. In contrasiaturation excess overland flow occurs
typically in areas where saturation occurs. (bottomlands and seepage faces) (Sen, 2009;
Van de Giesest al, 2011).

As a result, overland flow will vary spatially. Bnstudy conducted in north-eastern Tunisia
(Mekki et al, 2006), found that overland flow varied spatiallighin a catchment largely as a
result of the spatial variations of the soil suefaconditions that occurred within the
catchment. The spatial variations of overland floave been found in many other studies
conducted throughout the world. Of particular ietgrwas the work of Meklet al. (2006)

who found that overland flow had large spatial sardporal variations.

Overland flow is likely to change with increasingea, resulting in a scaling effect. This
scaling effect has been found to be significantthie study of plots of different lengths in
West Africa (Cote d’lvoire, Ghana, and Burkina Bas@n de Giesemt al (2011) showed
that longer plots had much lower annual runoff tistorter ones. Furthermore, the scale
effect for overland flow was shown to be highlyiedrin time as due to rainfall conditions.
This strongly suggests that overland flow does havegh degree of spatial and temporal
variations. However, the literature, has so fart giwen reasons for such variations in

overland flow.

Overland flow occurs when rainfall is partitionetdtze soil surface into either soil infiltration
or overland flow. Consequently, it is importantibwestigate the soil surface characteristics
(environmental factors) which control the generataf overland flow. In four different

studies, which investigated the effect of soil acef characteristics on overland flow
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generation, it was found that an increase in groawner was found to enhance infiltration and
ultimately decrease the amount of overland flowegated (Bartleyet al, 2006; Bautistaet

al., 2007; Sanjaret al, 2009; Podwojewsket al, 2011). Results from a study conducted in
New South Wales, Australia, support this as a nfattiored model was derived,
incorporating rainfall, maximum rainfall intensignd the percentage of the soil surface
covered by vegetation, which explained 41% of aretlflow depth (Murphyet al, 2004).
Such behaviour and response will largely be cabgdtie increase in organic matter found in
the soil surface, which decreases the soil bullsienThe decrease in bulk density will result
in a greater amount of infiltration occurring. Seirface coverage by vegetation has been
found to have an inverse relationship, with theegation of overland flow. Sanjadt al
(2009) stressed that the linkages between thessdiice characteristics and the generation of
overland flow is a multi-factor relationship. Thisulti-factor relationship is between the
different overland flow generation mechanisms anchtchment’'s physical characteristics.
Bergkamp (1998) states that effective infiltraticates on grassland hillslopes vary with
rainfall intensity and flow depth, due to the iatetion between rainfall, runoff, and vegetated
micro-topography. Environmental factors vary bathime and space and, as such, they will

affect the spatial and temporal variations of caedl flow generation.

Soil surface crusting has been found to play aihgatble in the volumes of overland flow
generated. Soil surface crusts cause a decreasdiliration and promote overland flow
(Bautistaet al, 2007). In a study conducted in the Potshini atnt, South Africa, under an
artificial rainfall simulation, Podwojewslat al. (2011) found that crusting was linked to the
rate at which overland flow was generated. It veagl that infiltration was controlled by soil
surface crusting (Podwojewskt al, 2011). Furthermore, the initial infiltration rateas
found to vary due to the spatial variations of $bé surface crusts. The final infiltration rates
of the study site were not found to have as higlnesas the initial infiltration rate. The
initial infiltration can be viewed as an importdattor on the temporal scale response of a
spatially heterogeneous catchment. In additiomgustudies from semi-arid and arid Africa,
Casenave and Valentin (1992) indicated that surfacsts significantly decreased water
infiltration in soils. From the nine main types siil surface crusts they identified only three
types of soil surface crusts: (a) structural (rosghface made of coalescing partially slaked
aggregates), (b) erosion (smooth surface madeswigde seal of fine cemented particles) and

(c) sedimentary (laminated with layers of differéetture) within their study site. This can be



further investigated in a study focussing on thatigp and temporal variations of overland
flow under natural rainfall conditions and the coflling factors of overland flow generation.

1.2 Runoff Connectivity at the Catchment Scale

The studies and literature listed above investiydtee spatial and temporal variations of
water and nutrient fluxes from the plot to thedidpe scale. While much research has been
done at the hillslope scale, the changes in flidethe catchment level (i.e. hydrological
connectivity) (Bracken and Croke, 2007) and theictdrs of control have received less

attention.

Hydrological connectivity has had a great deal edearch conducted on it throughout the
world (McGlynn et al, 2002; McGlynnet al, 2003; McGlynn and McDonnell, 2003a;
McGlynn and McDonnell, 2003b; McNamae4 al, 2005; Ocampet al, 2006; Latron and
Gallart, 2008; Wenningeet al, 2008; James and Roulet, 2009; McGuire and McBlbnn
2010; Chaplot and Poesen, 2012). Hydrological coiiviy has been described as the
movement of water from one part of a catchmentrnotfger, which results in runoff being
generated (Bracken and Croke, 2007). Hydrologicainectivity is inextricably linked to
landscape connectivity, as the landscape playsnaortant role in the generation of runoff
within the catchment. Hydrological connectivity hbsen found to be controlled by the

interaction of many factors and occurs over alleséBracken and Croke, 2007).

In a study in the area of Dartmoor, United Kingddvieyleset al. (2003) and Meylegt al.
(2006), used a nested scale approach to investibatémpact of grazing on hydrological
processes. They found that the runoff responsehefcatchment was linked to the soll
moisture conditions of the catchment. An interegtimding was that the catchment was
found to have two behaviours depending on the sthigetness of the catchment. Similar
results were found by several different studiesnftbroughout the world. In a similar study,
Sidleet al. (1995) found that, with an increase in the antenegrecipitation index (API) the
soils increased in water content and the hillslofteslied started to contribute to catchment

flow.

In another study, conducted by Detty and McGuir@l® in New Hampshire State, USA,

insights into hydrological connectivity was achidvdy monitoring the groundwater
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fluctuations within the catchment in relation taatament response. This was achieved by,
using piezometers and soil moisture variations @ltme hillslope (use of soil moisture
sensors). The hillslope was found to be hydroldljicaonnected to the riparian area when

soil saturation occurred.

Furthermore, Detty and McGuire (2010) found that Hottom portion of the hillslope (the
Footslope) consistently contributed to flow duriing wet season. The threshold amount of
soil water required for runoff to be generated Wasd to be 315 mm. Related to this is a
study conducted by Hopp and McDonnell (2009), inchlvirtual experiments were used to
better understand the hydrological connectivityhat hillslope scale in a catchment located
close to Atlanta, Georgia. Simulations of the moflmind that at the hillslope scale,
hydrological connectivity was controlled by soilachcteristics such as texture and depth, the
amount of water stored in fractured bedrock andtdpography of the hillslope. Similar
results were found in many studies where catchro@mbectivity was found to be controlled
by the integration of soil macropores, fracturedrbek, topography of the hillslope and the
temporal variations in the dynamic behaviour of tireundwater (Ocampet al, 2006;

lwagamiet al, 2010; Fujimoteet al, 2011).

The storage of water within the catchment bedroak found to be a major controlling factor
of catchment connectivity. McGlynet al. (2002) showed that the bedrock water plays an
important role, the stored water being displaceddy rain water. The role of the catchment
antecedent moisture conditions were found to beifsignt. Subsurface runoff response
increased as macropore flow and soil saturatioreased. Subsurface flow was found to have
occurred when the percentage of soil saturationav@% percent in Georgia, USA (Hopp and
McDonnell, 2009). Cerdaet al. (2004) found that the rainfall required for runa& be
generated within a catchment was three times greéhten the amount of rainfall which
resulted in overland flow being generated at thet ptale. Similar results were found by
Cammeraat (2004) in a study conducted in the sasthgart of Spain. It was found that from
the plot scale to the catchment scale, the amotimaiofall required to generate runoff
increased (with an event average of 20mm for ca¢ctiracale versus 10mm for plot scale).
The finding that the amount of runoff producingnfall events was found to be higher at the
plot scale than at the catchment scale was paatiguinteresting (Cammeraat, 2004). In a
study conducted by McGlynn and McDonnell (2003b)which stable isotopes were used to
perform hydrograph separations to quantify thetirdacontributions from the hillslope and
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riparian areas to catchment runoff in the MaiMatdbanent. It was found that the hillslope
response was related to the storm duration and stmBar a rainfall event of 27 mm (a small
event for the study area), it was calculated thatHhillslope contributed between 2 and 16
percent of the catchment runoff (McGlynn and McDelhn2003b). For a large event
(70mm), it was determined that the hillslope getesrdlow contributed between 47 to 55
percent of the measured catchment runoff for seteetvents (McGlynn and McDonnell,
2003b). This points to a catchment wetting up asalicing the soil moisture deficit before
runoff is generated and measured within a streamnmadl. A reason for this is the
establishment of a shallow groundwater table withinllslope during rainfall events (Sicd¢
al., 1995; Ocampet al, 2006; Latron and Gallart, 2008). These examphgshasise the role

that the antecedent moisture condition plays irhgrdrological connectivity of a catchment.

Generally for hydrological connectivity to occuhet antecedent moisture condition of a
catchment needs to be high. When a catchment isitdegn be assumed that there will be
little to no hydrological connectivity. Any runoffienerated during dry periods will be
overland flow in areas where infiltration is limiteSuch hydrological responses within a

catchment have high spatial variations (CammeR&4).

In support of this is a study conducted byetal. (2008) who used a rainfall simulation in the
Tengger Desert, China, to investigate the effeat the linkages between crusted areas and
vegetated areas along a hillslope have on runediinsentation and specific nutrient losses. It
was found that, on crusted areas, 53 percent afathiwas converted to overland flow.
However, the spatial arrangement of crusts inigla the vegetation patches was found to
be important, as vegetation patches were foundeta Isink for infiltration and deposition
along the slope (Let al, 2008). The decrease in crusted areas along dpe sVas found to
decrease the amount of connectivity along the slagpéch ultimately decreased the amount
of sediments and nutrients lost from the systemefLal, 2008). Related to this is a study
conducted by Bergkamp (1998) in southeast Spairgrevia nested scale approach in
connection with a rainfall simulation experimentsmased to understand the generation of
runoff, specifically overland flow, and how it waffected by selected environmental factors.
It was found that the spatial distribution and agement of vegetation and soil surface
characteristics was key to the hydrological conmggtbetween fine scales, such as plots and
the broader scales (hillslope and catchment) (Bargk 1998). Bergkamp (1998) stressed

that the runoff response of a catchment cannot ibextty related to the overland flow
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generated on the slopes. However, one cannot stideky at one particular portion of a
catchment, as a catchment is a complex system @ra sum of its individual fields (Cerdan
et al, 2004).

For hydrological connectivity to occur at the catent scale, there needs to be an intense
storm and or a storm of long duration (Sidteal, 1995; McGlynnret al. 2004; Bracken and
Croke, 2007; Detty and McGuire, 2010). In conttasthis, at the hillslope scale the rainfall
event can be of a short duration for connectivatpdcur. At the hillslope scale and during dry
periods, it has been found by many authors thatreébponse of a catchment is patchy with
any runoff response being found to be localisesh@Seet al., 2009; Detty and McGuire
2010). Van de Gieseet al. (2005) found that the decrease in slope lengthltexs in the

increase in runoff generated per unit area.

The presence of dams within a catchment can r@suhe hydrological connectivity of a
catchment being reduced (Bracken and Croke, 2@\grland flow generated on hillslopes
will only be directly connected to a stream if {fi¢ mechanism which generated the overland
flow was saturation excess in an area which itdyeonnected to a stream and (2) overland
flow generated in areas which are severely degraded as animal or foot pathways which
direct water towards the stream. Therefore, theéi@parrangement of the factors of control

within a catchment is key for hydrological conneityi to occur.

The scale at which hydrological processes occuften a major driver of any hydrological
study. In a study conducted in the Loam belt of tNem France, Cerdaet al. (2004)
monitored the difference in the hydrological resgesof a catchment from the plot scale to
the catchment scale. The land use and soils dfttiay area were similar with the difference
in hydrological response between the differentesc@leing investigated. Cerdanal. (2004)
found that there was a decrease in the amountnaffirgenerated from the plot scale to the
catchment scale (19.95% for plots, compared to% .48 a 1100 ha catchment). This shows
that different processes occur at different scéfehe and Bloschl, 2004). This ultimately
results in there being a large degree of unceytant variability in any predictions relating
to the hydrology of an area. Zehe and Bloschl (2004ess that “there will always be a
smaller-scale component of hydrologic variabilityhis largely relates to the fact that the

environment will have a large degree of small-sealgations.



Increased hydrologic connectivity has an impacthantransport and loss of nutrients from a
catchment (Jencset al, 2009). In an integrated study looking at hydratay connectivity
and the export dynamics of dissolved organic carf@@C) in the MaiMai Catchment in
New Zealand, McGlynn and McDonnell (2003a) foundttthere was a flushing of DOC
during rainfall events. Subsequently, it was fotmat the DOC concentration at the outlet of
a catchment was similar in concentration to thisloppe which was the major contributor to
catchment runoff. It was found that the DOC conian in the groundwater of the MaiMai
Catchment was four times lower than the event wgésrerated in the hillslopes (McGlynn
and McDonnell, 2003a). This indicated that the ekpaf DOC happened within soil
macropores and that soil organic carbon was eakilyolvable or that DOC was easily
transportable, once hydrological connectivity h&erb established. It was found that the

export of DOC was controlled by the physical chaastics of the catchment.

Catchment scale observations supported by hillstdyservations of internal hydrological and
nutrient state variables have made significant ades in monitoring nutrient losses at the
catchment scale (Ocampet al, 2006). Ocampoet al. (2006) further stress that the
hydrological processes occurring within a landscaged to be investigated to better
understand the link between nutrient losses andrtbeement of water. Consequently, the
hydrological connectivity of a catchment will impagon the transfer of nitrates which have
been accumulating within the upland areas of thehoaent. These nitrates will only be
transported once the catchment has been wettechdi@nectivity has been established
throughout the whole catchment (Ocangb@l, 2006).

A holistic monitoring scheme of hydrological proses, such as catchment runoff is required.
Bloschl and Sivapalan (1995) suggested that sdabelld be viewed from one of two
viewpoints: process scale (the operational scaleatdiral processes) and observation scale
(the scale at which processes are observed). Howawdividual processes monitoring
schemes require the understanding of the non-iigeaf each individual process. To
determine the response of a system to a rainfahtevthe quantification of the system’s
hydrological and erosional behaviour is needed (@araat, 2004) and this dictates the
monitoring and sampling strategy. This integrateswtarious processes, which have different

spatial and temporal scales of operation (Heatlenait Johnes, 1996).



To overcome the issue of selecting the right sealé sampling strategy to determine the
system’s hydrological and erosional behaviours ihdvantageous to use nested scales within
the catchment (Bergkamp, 1998; Cammeraat, 2004) usk of nested scales involves the use
of point measurements (e.g. P)nthrough to catchment level (e.g. 23 ha catchmesi)-
catchment (e.g. 100 has) and, finally, a first omechment (e.g. 1000 has). At these nested
scales, it is important to sample regularly andfarmly to integrate the various processes
occurring within the system. The use of nestedescalill generate more data and will
ultimately result in the greater understanding ha# tunoff generation process (Bergkamp,
1998).

This literature review stresses the need for eebettderstanding of the spatial and temporal

variations of overland flow and runoff connectivitythin a catchment.

1.3 Research Objectives

The main objectives to be investigated in this giwdre:
a) To investigate the spatial and temporal variatiohsverland flow and its factors of
control at the hillslope level,

b) To quantify the evolution of runoff, nutrient aneldement fluxes within a catchment.

To meet the first objective, a survey of the spatral temporal variations of overland flow in
a catchment was performed. Furthermore, the irgegsdn related the spatial and temporal
variations of the overland flow response to cergmvironmental factors found within the
catchment. It was important to understand the enwiental factors’ spatial variations and
how these affected overland flow generation. Th& &im of this research was to determine
and further understand the spatial and temporahtwans of overland flow. To achieve this
aim, runoff microplots installed at different lowats along a typical hillslope catena were
used. The hillslope was located within an agrigalteatchment of which the main land use
was livestock grazing. This methodology can besdtl to gain information on the spatial
variations of overland flow and infiltration. Of giigular importance was the determination of
the variable, Time to Runoff Initiation (TRI), wiiavas the delay of microplot response (soll
surface response) with respect to a rainfall evEiné TRI variable can give an indication of
how the soil surface of a hillslope with varyinglsurface conditions responded to a rainfall

event.



The second objective of this study was to invollke bbservation of water, nutrient and
sediment fluxes at different scales: (a) Spatidhgm microplot, plot and catchment scales;
and (b) temporally, from a rainfall event to inard intra season variations. These will be
complemented by observations of the soil water grmlndwater dynamics within the
catchment, as a way to better understand catchrhgditology. Associated with the
generation of runoff within the catchment (the maim of this study), is the water quality,
specifically the organic carbon and sediment fluXasinitial understanding of the factors of

control on the hydrological connectivity was alste@pted.

1.4 Aimsof Overall Research Project

Numerous studies have looked at the impact of camialeagricultural areas on water,
nutrient and sediment fluxes. The project aimsau$ on the effects of rural smallholder
agricultural areas on water, nutrient and sedinflexes. Such a focus has been lacking in
research within South Africa. The research progts to: (a) define and quantify nutrient
and organic carbon fluxes in a small-scale agucaltcatchment; and (b) to scale up the
water, nutrient and organic carbon fluxes from Xtre® and 10 m microplots and plots to the
1000 ha watershed through nested catchments cd 28¢h 100 ha.

1.5 Background of Project and Expected Benefits

This study forms part of a larger ongoing invesima (WRC K5/1904//1) monitoring
nutrient and organic carbon fluxes from rural shw@bier agriculture in the Potshini
Catchment, KwaZulu-Natal, South Africa. The projéstfunded by the Water Research
Commission (WRC). The WRC project is an expansibraro initial investigation which
evaluated the spatial variation of interrill erosimccurring on the hillslopes of the catchment.
Additional water, nutrient and sediment fluxes watenitored at different nested scales to
determine the impacts that different land uses lwavthe water quality of receiving streams.
This is important for the Potshini community as thest investigation revealed that
overgrazing results in greater volumes of watendejenerated on slopes associated with a
decrease in the infiltration of water into soilsof a social perspective, this study will be
beneficial for the stakeholders of the Potshini pamity, as knowledge about the local

river's water quality will help manage any problemssociated with poor water quality.
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Ultimately, the improvement of water quality wileduce the potential health effects

associated with polluted water.

1.6 Dissertation Structure

The dissertation is organized in five chapters @ows. A review of the literature is
contained in the Introduction of the first chapt@hapter 2 presents the materials and
methods, focussing on field data collection, labmsaanalysis and specific data treatments.
The results of the main findings are presentednag@er 3. Chapter 4 covers the discussion of
the results and the conclusion is to be found iap@dr 5, which looks at perspectives for

future research.
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2. MATERIALSAND METHODS
2.2 TheCharacteristics of the Study Site
The Potshini Catchment is located within the KwaiZNlatal province, South Africa (Figure

2.1). The area that this study is concerned with 000 ha catchment (longitude: 29.36°;
latitude: 28.82°) located in the upper Thukela B&30,000km?2) near the town of Berguville.

South Africa

H Piezometer
o
(=]

Watermark
Lysimeter
Redodmorphic saprollte 06

[F Fpedrock &t [ 1m?mnoffplat

l Soil profile . 10m? plot
- Ciher abservalion

Figure2.1 Experimental setup and location of the Pots@iatchment

The climate in the area is sub-tropical, humid aiith a strongly seasonal summer rainfall
pattern (October—March) (Schulze, 1997). The néagesernment-maintained weather
station located 10 km to the east of the studyisitbe town of Bergville, had a mean annual
precipitation of 684 mm per annum over the pasy&érs, with a potential evaporation of

1600 mm per annum and a mean annual temperatdi®* 6f(Schulze, 1997), and with frosts
that are common in winter.
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At the Potshini study site, altitude ranges fron8A@o 1455 masl. The relief is relatively
gentle with a mean slope gradient of about 15.79% whth steep slopes of 50-70% found in
the upper part of the catchment, whereas in thmitycof the catchment outlet and on the

plateau, the topography is relatively flat all thay to the 1000 ha catchment outlet.

Soils are formed from the Karoo Supergroup and Betroup parent materials (Figure
2.2, Table 2.1). The geology exhibits a horizontdternating succession of fine-grained
sandstone, shale, siltstone and mudstone (Kindg)200

|;
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| EI [ Gleysols 10-20
: - Deep yellow Luvisols = 2030
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L. 0 100m  200M gy 80- 100

Figure2.2 Spatial distribution of soil types and of ssuirface crusting within the 23 ha
catchment. Kriged maps interpolated, using 200 eafecenced field
observations

A main dyke from the Karoo Dolerite is intruded timese horizontal layers in the upper
portion of the catchment, giving specific weathgrifeatures of rounded boulders. Soils
developed from sandstones and dolerites are Asril@SS Working Group, 1998) and
Inanda soil form (Soil Classification Working Grqui991). Within hillslopes, deep Acrisols

(~2 m) characterize the footslope and Gleysolsb#tomland. Bottomlands (Bo) exhibit
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features of waterlogging, such as a surface dagl grhorizon, enriched in organic matter.
At the footslope (F) position, the soils are wethided. The midslope (M) position exhibits a
similar soil profile, but much shallower. The saods the terrace (T) and the shoulder (SD)
have developed from dolerites. Finally, the saisrfd at the other shoulder location (SS) are

derived from sandstones and are yellow in colour.

Table2.1 Location label, Slope position, Soil type, pdmpn of the soil surface covered
by crusting (Crust), proportion of the soil surfamered by vegetation (Cov),
mean slope gradient (Slope), soil clay contentsmdbulk density gb) at the
different plot locations. Three plot replicates dcecated at each site:
bottomland (Bo); footslope (F); midslope (M); texea(T); shoulder under
dolerite (SD); and shoulder under sandstone ($3).18)

Label Slope position  Soil type Crust Cov Slope Clay pp
------------------- Y —— g/cn?
1 SS Crest Yellow Acrisols 15 85 19 30.5 1.12
2 SD Crest Red Acrisols 8 92 18 53.9 1.02
3T Terrace Red Luvisols 5 95 23 39.8 1.13
4 M Midslope Yellow Luvisols 50 50 26 27.4 1.32
F Footslope Deep vellow 2 98 25 27.8 1.24
Luvisols
Bo Bottomland Gleysol 1 99 6 27.8 0.96

The land use of the catchment is predominantly egtagrassland. Cattle are seen as an
important cultural asset and in good times, comtyumembers, both those living in the
catchment and those who work and live in the majtes, invest in cattle, leading to
increasing herd sizes. This, combined with the lgigitidic low productive soils, rapidly
leads to overgrazing, with a decreasing proportibsoil surface coverage by the vegetation
and an associated increase in bare soils. Micreghatve been installed in areas of the
catchment that have different degrees of overgganitensities present, as well as other
specific environmental factors. The installation thie microplots in areas of varying
environmental factors allows for the use of two cHiie statistical techniques, a Principal
Component Analysis (PCA) and a correlation mattix, better understand the specific
contribution that an environmental factor has ome Hpatial and temporal variations of

overland flow generation within the research catehin

14



The PCA and correlation matrix is derived usingstagistical program, STATISTICA, which

has an option to generate these analyses of the dat

There are three main embedded scales (as showgureR2.1), which correspond to the three
main land uses in the area. The land use of thea28teep-sloped catchment (the smallest
catchment surface area) is communal pasture foftotted community. The land use within
the 100 ha catchment is predominantly small-scgte@ture where maizeZeéa mayys and
small cash crops are grown for domestic consumpkoom the 100 ha outlet to the 1000 ha
catchment outlet, the land use changes to comnhagn@ulture, where irrigation takes place.
Two dams, which store water for irrigation, areditsd upstream of the monitoring site of the
1000 ha catchment outlet.

2.3 TheExperimental Methods

2.3.1 Rainfall measurements

Rainfall data were obtained from an automatic iganige located at the midslope position
location of a hillslope located within the catchmérhe rain gauge was calibrated to measure
0.2 mm per tip and was connected to a HOBO ev@gedothat measured the exact time and
date of each tip recorded by the tipping bucket.the purpose of this study, it was assumed
that the rainfall characteristics do not vary sgbtiwithin the catchment and that the rainfall
is uniform and spatially distributed. Specific failh characteristics are to be used for this
study and obtained from the data collected at #ie gauges within the catchment. These
include the cumulative rainfall since the onseth# rainy season (RainC); three-days prior
rainfall amount (PreRain-3); event duration (D@yent average rainfall intensity (1); and the
maximum event six-minute rainfall intensity (Mi@axl). These rainfall characteristics were
used to determine their role in the spatial andptmal variations of OF generation. In
addition, a manual rain gauge was present at thislépe position of the hillslope. This rain
gauge was used to manually record the amount mfiathfor each rainfall event and was used
to validate the rainfall amount recorded by theoendtic rain gauge.

2.3.2 Thenested scalesused for water and nutrient fluxes evaluation
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There are four main embedded/nested scales wihiRotshini Catchment, (Figure 2.1).

a)

b)

d)

2.3.3

Microplots and plots (7 monitoring nests installdng a hillslope where overland
flow plots, soil water tension monitoring equipmemstalled at different depths and
piezometers are located at each site. An automaiticgauge was installed at the
footslope location of the hillslope)

23 ha catchment (monitored hillslope is locatedhimitthe 23 ha catchment. An H
Flume is installed, from which flow height is reded by a data logger. An automatic
water sampler is also located at the outlet of¢atshment)

100 ha catchment (23 ha feeds into this catchmert:Flume is located at the outlet
of this catchment to monitor flow, which is loggbg a data logger. An automatic
water sampler is coupled with the data logger ke taater samples)

1000 ha catchment (outlet of the greater Potshiaicidnent. Flow heights are
monitored and logged, using a pressure transduncka @ata logger). It is important to
state that there are two dams located and usedammanercial farm for storage of

water for agricultural use.

Microplots

Eighteen 1m x 1m overland flow microplots were afisd within the catchment (Figure. 2.3).

The microplots were installed at six different tgpaphical positions or sites, with different

soil types and intensities of overgrazing present.
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Figure2.3 Example of a 1fimicroplot with its metallic frame inserted intcetisoil (A).
View on the collection pipe which directs overlathalv to a tipping bucket
(B) aimed at recording the temporal variations wértand flow. The time of
the tip is recorded by a HOBO® Event Logger©

The metal borders surrounding the micro-plots weserted to a depth of 0.1 m in the soil.
The microplots were installed parallel to the slajpection (as shown in Figure 2.3). This
allowed for any overland flow that was generatetheéadirected down the slope and into the
gutter of the microplot. The gutter was designeahannel and concentrate water into the
bottom of the gutter. The gutter feeds into theletudf the microplot. This outlet was
connected to a pipe, which fed into a modified mgpbucket system. Finally, after the
tipping bucket mechanism, the water generated leylawd flow was collected in a bucket
that was installed in the subsurface. After eachfalh event, the total overland flow volume
(R) from each microplot replicate (Figure 2.3) wasasured with a measuring cylinder. The
precision was +10 ml for total runoff volumes beeénel0 and 2000 ml and +10 ml at higher

runoff volumes.

17



At each location, the tipping bucket mechanism wasnected to a HOBO event-logger
(Pendant logger). The tipping bucket mechanism dessgned to measure 40 ml for each tip.
In addition, the specific time at which the tip ooed, was logged. This was to ensure that
the exact temporal response of each individual apiot location (in terms of overland flow)
was measured after the onset of a rainfall evarddtition, the intensity of the overland flow

could be calculated.

2.3.4 Plots

Ten 5x2m2 runoff plots were installed adjacenth® tnicroplots with only two replicates per
position (Figure 2.1). The metal borders surrougdimth the microplots and runoff plots
were inserted in the soil to a depth of 0.1m. Abtp were installed parallel to the slope
direction. This allowed for any overland flow thats generated to be directed down the
slope and into the gutter of the plot. The guttaswesigned to channel and concentrate water
into the bottom of the gutter. The gutter fed inb@ outlet of the plot. This outlet was
connected to a pipe, which fed into a tipping backestem. Finally, after the tipping bucket
mechanism, the water generated by overland flovectald in a bucket. At each location, the
tipping bucket mechanism was connected to a HOBénhtewgger (Pendant logger). The
tipping bucket mechanism was designed to measlitee2 for the 5m x 2m runoff plots. In
addition, the specific time at which the tip oceadtrwas logged. This was to ensure that the
exact temporal response of each individual microlplcation (in terms of overland flow) was
measured after the onset of a rainfall event. biitewh, the intensity of the overland flow was

calculated.

2.3.5 Catchment monitoring

Conventional H flumes coupled to ISCO 6712 and 3%6fles automatic samplers were
installed at the outlets of the 23 and 100 ha caésits, respectively. The H flume at the 100
ha catchment outlet was built in 2006, whilst therfe located at the 23 ha catchment was
built in 2009. The height of flow at both catchmenitlets were logged by a datalogger and
were converted to runoff using site specific ratigves derived for each monitored site. The
automatic water samplers were used to quantifyhoa¢nit runoff water quality (in terms of

nutrients and soil losses) during base flow periadd on the rising and falling limb of a
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hydrograph during rainstorm events. At both thecluatent and catchment scales sediment
and water samples were collected using automatiplkess during rainfall events and manual

sampling in between events when visiting the fsatd.

At the 1000 ha catchment outlet, a pressure tramsdiogether with a HOBO data logger
were installed, under a culvert bridge approximatétm downstream from the monitored
100 ha catchment outlet. Particulate nutrient asdinsent loads were not monitored at this
site due to the existence of small upstream regsywehich in turn, trap the sediment load in
the stream. The pressure transducer was calibiayedubjecting it to pressure from a
gradually increasing height of water from 0 to 100® while recording the output voltage
signal from the transducer. A similar exercise \@age for a decreasing water column. The

calibration equation for the pressure transducas imdicated in Equation 2.1:

H =135307564+ 0.4535512%V (2.1)
whereH is the stream flow depth (mm) aiiis voltage output from the pressure transducer
(mV). Velocity transect surveys, at different diaodes, were carried oatross the culvert
bridge using a propeller current meter. The coeccelvert bridge had a regular rectangular
shape and hence made it easier to apply the Masnogen channel flow equation and
subsequent development of the rating curve. Equ&i® shows the established rating curve
at the culvert bridge.

Q=8267xH (2.2)

whereQ is flow rate in m3/s an#l is the stream flow depth (m).

24 Spatial and Temporal Variations of Overland Flow

The installation of the microplots at different &ions and in conjunction with a tipping
bucket connected to a data-logger, was done tauatdor the spatial and temporal variations
of overland flow in the catchment. Eight represewarunoff events were selected for
detailed study of the temporal and spatial vanetiof overland flow. These events have been
chosen, as all plot locations recorded overlandvfland thus were assumed to be
representative of events when overland flow wasgead within the catchment. Figure 2.4

shows the selected runoff events for the microplots
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The lag between the onset of rainfall and the stfatthe overland flow in each microplot can
be derived from the curves and was used to estithaelime to Runoff Initiation (TRI)

(calculated using Equation 2.3);

TRI =T,

rain T (23)

plot

The TRI can be defined as the difference in theestohthe first tip of the microplot to the
measured tip of the rainfall that generated therlamd flow. The time of the rainfall is
labelled as time zerolGin) and Tyier iS the time, at which the microplot responded te th

rainfall.

TRI is a key index to describe the spatial variataf overland flow generated within a
catchment. From the experimental setup of thisystliRl was estimated for different areas
within the catchment. This allowed for a better emstiinding of the spatial variations of
overland flow. In addition, the TRI of each microplocation for a specific rainfall event was

ranked to qualitatively assess the spatial vanatiaf overland flow characteristics.

Three overland flow events were selected to ingati the spatial variations of overland
flow, based upon the spatial extent of the soifesi# crusting present within the catchment.
This was done by plotting each individual locate®rmicroplot TRI value versus the
microplot soil surface crusting value. From thisimple linear regression model can be used

to predict the TRI in the catchment where therenarenicroplots.

The events chosen were chosen according the owegrrashtecedent moisture conditions of
the catchment prior to the overland flow events #red characteristics of the rainfall event
that caused the overland flow event. The threecBetecriteria for the three different events

were as follows:

a) Catchment saturated, large and intensive rainfall
b) Catchment dry, small rainfall event
c) Catchment saturated after a prolonged period offatiin a season with lower than

average rainfall

21



2.5 Runoff Flux Monitoring

Runoff flux data from each of the catchment outlets well as the microplot and plot scale
allowed for the calculation of the yields of watgEmerated per unit area (in fmOverland
flow generated within the plot and microplot areaswnanually measured after each rainfall
event and was summed up at the end of each raaspsdo determine the water generated
per unit area (in I/3). The amount of water generated per unit ared/ifi) for the three
catchment outlets was calculated directly from dabeomatically logged flow data where the
time difference (s) between flows was multipliedthg average flux (I/s) to get a volume of
water (I). Finally, this volume was then divided thye area of the catchment to obtain?/m
The spatial and temporal variations of the watexdk for the different scales can, therefore,
be easily quantified (both inter- and intra-seagamnability). Such data treatment results in a

direct comparison of the different scales’ produittiin terms of water movement.
2.6 Water and its Quality at Different Scales
26.1 Sediments

The total sediment fluxes corresponded to the naodissuspended sediments (about 200
samples per surface area per year, from 2009 td)da@1he weir. Their dry weight (g) was
evaluated after each rainfall event by drying thquat of water in an oven at 110°C. This
was then multiplied by the volume of water (I) tet ghe sediment concentration (g/l). The
sediment yields (g/f) for each nested scale were then calculated byiptyihg the sediment

concentration (g/l) by the runoff flux per unit aré/nr).
2.6.2 Nutrients

Water samples collected at the different spatialescwere used to assess the quality of the
water. Water samples were collected both autonibtiiay the automatic samplers installed
at the 23 ha and 100 ha catchment outlets) and altgriffrom runoff collecting buckets at the
microplots and plots, and grab samples taken dhi@de catchment outlets during visits to the
catchment). In addition, sampling was performedhim soil profile and in the groundwater
following classical procedures (Sext al., 2010). The water quality constituents are the
Nitrates-Nitrogen (N@N), Total phosphorus (P), Dissolved Organic Carb@0OC),
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particulate carbon and particulate nitrogen (POGNR POC was defined as the fraction of
carbon which had been bonded onto soil particlesthan subsequently eroded. POC also
included any organic matter which had been ero@dC was defined as the fraction of

Carbon which been dissolved into solution buy rdirdnd soil water. Water samples were
collected in the field by taking 100mL aliquots astdred in a cooler box on site. Once back
at the laboratory, samples were stored in a fridde¢h was kept at a constant temperature of

4°C until completion of analysis.

2.6.3 Nitrates (NOg3’) and total phosphorus measur ement

NOs and P concentration in water samples were obtaimsthg a HACH DR/2000

spectrophotometer (Hach Company 1989). The absoesanf the water samples were read,
using a Hach DR2000 spectrophotometer and convestedncentrations (given as mg/l but
converted to g/l), using frequently calibrated gt@a curves. The accuracy of all nutrient
analyses were within 10% of the actual concentnatidcConcentrations were converted to

yields (in g/nf) by multiplying the concentrations by the rundéix per unit area (I/f).

2.6.4 Dissolved organic carbon

Dissolved organic Carbon (DOC) was determined aftanpling, using a Shimadzu TOC-
5000 analyzer with an ASI-5000 autosampler andtBal§8-30 high purity total organic
carbon (TOC) gas generator. In this techniquepthanic solutes were converted to CO2 and
the CO2 produced is measured as DOC (in g/l). Gurattons were converted to yields (in
g/m?) by multiplying the concentrations by the rundéix per unit area (/).

2.6.5 Particulate carbon and nitrogen

Sediments were dried at 1@ for 24 hours. The sediments were weighed to oeter
sediment concentration in runoff and ultimately dompute sediment losses. Sediment
samples from these aliquots were dried and staréa further analysed for total soil organic
carbon and nitrogen. C and N was estimated, usihg@0O CNS-2000 Dumas dry matter
combustion analyzer. The output from this analysticulate organic carbon (POC) and

particulate organic nitrogen (PON) is given as acg@etage of total soil analysed. This
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percentage can be used to calculate the yield©@f 8nd PON in (g/f) by multiplying the
sediment yield (in g/R) by the percentage of POC and PON.

2.6.6 Tracersand end member mixing analysis

One commonly-used application of stable water [ge$o is aimed at the identification of
river flow sourcese.g. rainwater, overland flow or groundwater flow, withe composite
signature in the river being an indicator of thetipo of the different sources contribution.
The water samples were analyzed for the isotopegatér,5°H and§*0, using the Liquid-
Water Isotope Laser Analyzer at the School of Biotgces Engineering and Environmental
Hydrology, University of KwaZulu-Natal (Los Gatose&earch, 2007). The OA-ICOS
technigue uses the absorption of a laser beamngassiough an evaporated water sample to
calculate the isotopic composition of the samples(Gatos Research, 2007). The laser scans
the isotopes’ spectral absorption, so the technigae detect several isotope species
simultaneously. Sample measurements were calibraidd five standards, which were
iteratively measured after each set of five sampasurements. Each measurement was
conducted 6 times to provide a high value precisResults are presenteddmotationi.e.
parts-per-million deviations from Vienna Standaréavi Ocean Water (V-SMOW) @éH
ands*®o.

The oxygen and deuterium isotope ratios of the mad#ected at the different water source
zones, as well as in shallow to deep aquifers (gnothe use of existing boreholes), will
allow for the understanding of the movement of wéteough the different pathways in the
catchment. Analysis was done on water samplesweat automatically collected by the

automatic samplers and grab samples at all thedeshles.

The use of isotopes of the different monitored bimlyical zones in conjunction with other
naturally-occurring tracers, such as Silica, alldarshe determination of end member mixing
at a catchment’s outlet and it's different souraesused by Uhlenbrook and Hoeg (2003).
Hydrograph separations, the stable isotopes ofrvtermine the new event water and old
water (.e. pre-event water). In addition, the use of silicetérmined using a Technicon
TRAACS 2000 continuous flow auto-analyzer) in caowjion with the stable isotopes of
water, can be used to differentiate between thetiveawater (that flowed through the soil
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compartment) and the unreactive water (that hadnmim soil contaci.e. overland flow)
(Huth et al, 2004). Such an approach is consistent with thsesat technique of three-stage
hydrograph separation, as used by Hathal. (2004) and Wenningeet al. (2008). The
ultimate aim of such an approach is to gain a bettderstanding of the End Member Mixing
of the different runoff sources contributing to thmoff at monitored catchment outlets. The
end member mixing analysis of the 23 ha catchmadt 200 ha catchment outlets, were
determined using Equations 2.4 to 2.6, respectiwiizh were utilised by Hutbkt al (2004)

in a study conducted in a catchment located irSibera Nevada, California.

*(C.-C)
Q.= QZC o) (2.4)
_Q.x(C.-C.»)

Q=" -c,) (3)

_Qx(C.-C)
Q.. = (C_-C)

Where Q, is the event water fluxQs is the discharge when the sample was takkrhe

(2.6)

concentration of the water at the catchment oulgthe pre-event water (groundwate@),

the new watei.e. rainfall, Q, the soil water contributionQunr the contribution from the
unreactive wateice. overland flow,C,n concentration of overland flow from runoff plo&s)d

C; concentration of soil water which was collectednir piezometers. For reactive and
unreactive water fractions, the water samples ¢ bloe runoff plots and piezometers were
analysed for their silica (Si) content as Si hasnb#und to differentiate between reactive
water and unreactive water. Additionally, the usilica has been found to representative of
a conservative tracer in other studies conductedhar parts of the world such as Hooper and
Shoemaker (1986), Uhlenbrook and Hoeg (2003), Huthl (2004) and Wenningezt al
(2008). From Equations 2.4 and 2.5, the amountaiémstored within the soil profile can be

calculated using Equation 2.7.

Q..=Q.-Q,, (2.7)

Where Qnsw is the event water generated from the soil proéiled interpreted as the

contribution of soil water to catchment runoff.
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Hydrograph separations and end member mixing asafe used to better understand the
spatial and temporal variations in runoff and rarttifluxes. Such an approach gives insight
into the sources as well as the response of tlohrant runoff. An in-depth analysis will not
be attempted, as whole research projects are dedita hydrograph separations and end
member mixing analysis. The end member mixing aslperformed in this study is an

initial attempt.
2.7 Controlling Factors of Runoff Generation
2.7.1 Soil surface conditions

The topographic information at the study microplatel plots was derived from a Digital
Elevation Model (DEM) with a 5-m resolution and artcal precision of 0.05 m. It was
generated for the purpose of this study from 36,088t points of altitude. This DEM has
been generated with a differential GPS and intetpdl by using the inverse distance
weighting function of ArcView3.2 (ESRI, 2004). Frothis, the altitude above sea level of
each microplot was extracted, using the DEMAT figrctof ArcView3.2. The mean slope
gradient of the eight cells surrounding each platsvestimated using the same ArcView

function.

The proportion of the soil surface crusting and sarface coverage at the microplots and
plots was evaluated by Podwojewskial. (2011). A grid of 100 nodes was placed on each of

the 18 microplots, to evaluate the soil surfacescage (Cov).

The proportion of the soil surface covered by tlgetation at each microplot has been
characterized visually in the field by qualitatimesessment, using a 4mrid with 100cm
cells, which is a well-documented methods (e.g.ekaral, 2004). The proportion of the soil
surface with crusts has also been considered beaz#us recognised impact on overland
flow generation (e.g. Casenave and Valentin, 1982)lowing the field methodology of
Casenave and Valentin (1992), the type of crustreesgnised in the field using a knife and
a magnifying glass and its proportion on the soiface was evaluated using the “gnid.
The proportion of each crust type was summed taiokihe proportion of the soil surface
with crusts. Additional information of exposed reotvas gathered. Over 200 field

observations were performed throughout the catchnheformation was obtained at the 15
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microplots and at 185 randomly-selected pointstliat boundaries between the different
crusting percentages), the location of which wastwrad in the field using the differential

GPS with a 0.2 m lateral accuracy. The resultaftrimation is shown in Figure 2.2. GIS

layers for the proportion of soil surface coverage crusting were afterwards interpolated,
using ArcMap and ordinary kriging, which is wellagted for lower sampling densities
(McBratney and Webster, 1983).

Core rings were used to sample the plot surfac®®-4@ soil layer for soil bulk densityy)
estimation at the microplot and plot positions. &léhcore samples were dried at 105°C for 24
hours to determingy,, expressed as g émFinally classical soil analysis was used, toneate

soil clay content

2.7.2 Soil water

At each location where the microplots have beetaliesl, nests of Watermark sensors were
also installed. The nests consist of three serisstalled at different depths within the soil

profile. The depths to which the Watermark sensans installed were 20, 50 and 100 cm.

The Watermark (Irrometer Company, Riverside, CApigranular matrix sensor, used to
monitor soil water tension/soil water potential.clhnsisted of two concentric electrodes
placed within a reference matrix material, whichbmsunded by an artificial covering for
protection against deterioration. Movement of whietween the soil and the sensor results in
changes of electrical resistance between the etbxir within the sensor. The electrical
resistance is then converted to soil water ten§iomm), using calibration equations specific
to the site. The range of the soil water tensioat #th Watermark sensor can monitor, is
between O to -2 bars or 0 to -200 kPa.

To ensure proper functioning, the Watermark senaere soaked overnight and installed to
the desired depth, as above, using an access tiote,with an auger. The hole was
subsequently filled with the excavated soil mataonaeconstruct the original soil profile and
its horizon order. The soil material was firmly refged during the process, but excessive
compaction was avoided. An extensive watering wealy performed to improve the filling
of voids and the contact between the Watermarkossersd the soil matrix. The sensors were

finally connected to a four-channel HOBO logger,ickhwas programmed to log the
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electrical resistance in the sensors every houtemperature sensor was placed at a 20 cm
depth to record soil temperature. The electricsistance at the three depths was converted to
soil suction, using Equation 2.5, a non-linear ¢ignadeveloped by Shoaét al. (1998) and

currently recommended by the manufacturer.

SMP- 4093+ (3.213x mV)

= (2.8)
(1- (0.00973% mV)) - (0.01205<T9)

WhereSMPis the soil matrix potential in kPmV is the sensor output afigis the measured

soil temperature.

No specific calibration was performed on the ses\dout because it has been reported that the
sensors’ response may vary across soils and capobe under wet soil conditions, the
Watermarks’ readings were compared to additionatenlations made at piezometers
installed nearby the sensors at depths of 20, 80189 cm. The soil water tension for all
three depths at each location prior to the overfoowl events ie. the hour before), has been
extracted and used to investigate the impact thicadent moisture conditions have on the
generation of overland flow. Soil water tensions tbé entire study period have been
monitored to link water and nutrient fluxes at drént scales with the catchments’ state of

wetness.
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3. RESULTS

3.2 Rainfall Characteristics Over the 2007-2011 Period

The rainfall characteristics over the four-yeadsgtperiod are displayed in Table 3.1.

Table3.1 General rainfall characteristics of the foudtojogical seasons (2007-2011).
Cumulative yearly rainfall amount (Cum); minimumaximum, average event
rainfall amount; standard deviation and coefficieftvariation of average
event rainfall amounts and maximum 6-minutes rélinfaensity of events
(MaXgminl) (N =52377).

Cum Min Max Av StDev Ccv Magminl

------------------------------ L1 L — % mm.h'
2007-2008 7619 4.2 30.8 14.7 7.8 53.3 38.4
2008-2009 852.0 0.6 79.6 11.7 15.1 128.2 42.3
2009-2010 627.8 1.0 53.8 7.3 8.1 111.5 36.4
2010-2011 1059 1.2 60.4 16.4 12.3 774.1 32.0
Average 7472 1.9 54.7 11.2 10.3 97.7 39.0

The rainfall amounts for the three different ralhf®asons are shown in Table 3.1. The total
amount of rainfall for each rainfall season was .g6thm in 2007-2008; 852 mm in 2008-
2009; 627.8 mm in 2009-2010 and 1059 mm in 2010t20his indicates that each individual

rainfall season was inherently different and, ashdwad different characteristics of rainfall.

In support of this are the differing event minimamd maximum for each individual season.
For 2007-2008, the maximum event depth was 30.8 mhilst the event minimum was
4.2 mm; in 2008-2009 the event maximum was 79.6 emd the event minimum was
0.6 mm; the event maximum for 2009-2010 was 53.8anohthe event minimum was 1 mm

and in 2010-2011 the event maximum was 60.4 mntlamdvent minimum was 1.2 mm.

The maximum 6-min intensities for events in eackciit season were 38.4 mrit.in 2007-
2008, 90 mm.H in 2008-2009; 69.6 mmi:hfor 2009-2010 and 32.0 mni-Hor 2010-2011.
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These specific events intensities correspondednéo maximum event amounts for each

season.

The average rainfall amount per event was 14.7 m2007-2008, 11.7 mm in 2008-2009;
7.3 mm in 2009-2010 and 16.4 mm in 2010-2011. Taedard deviations and coefficients of
variation reported in Table 3.1 indicated that thiefall season of 2008-2009 showed highly
variable rainfalls (Stdev 15.1 mm and CV 128.2 mHigh variations in event total rainfall
also occurred in 2009-2010 (Stdev=8.1 mm; CV=11in%). The 2007-2008 season showed
smaller variations in event rainfall amounts, with example, a CV of 53.3 mme. about
half of this calculated from the 2008-2009 and 2@020 data. The rainfall for the 2010-2011
season showed the highest variations in eventalbieyents with a CV of 774.1 mm which

was considerably higher than that of the other@easonsidered.

3.3 Spatial Variations of Overland Flow

3.3.1 Generalities

General statistics of overland flow at the diffdrptot locations and events and for the three

rainy seasons under study are presented in Tahle 3.
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Table3.2 General statistics of overland flow (cumulatiitee per square metre) and
Time to Runoff Initiation at the different plot latons and events and for the
three rainy seasons under study. Three plot reépBcare located at each site:
bottomland (Bo); footslope (F); midslope (M); texea(T); shoulder under
dolerite (SD); and shoulder under sandstone (SSpt#l of 15 plots and 90
events were considered.

SS SD T M F Bo
2007-2008 (n=34)
Mean 70 43 37 6.6 45 40.2
Rank 2 5 6 3 4 1

2008-2009 (n=37)
Mean 10.6 10.110.6 10.7 8.1 58.2
Rank 3 6 5 3 2 1

2009-2010 (n=19)

Mean 52 3.7 41 48 26 30.8
Rank 3 4 5 2 6 1
TRI (min)

2007 - 2008 42 66 7.2 6.60.80.1
2008 - 2009 36 54 42 3 72 03
2009 - 2010 06 06 06 062 0.2
Average 28 42 4 3.46.4 0.2

TRI (rank)

2007 - 2008 2 3 5 3 6 1
2008 - 2009 3 5 4 2 6 1
2009 - 2010 2 2 2 2 6 1
Mode 3 4 5 2 6 1

The Overland flow generated differed from plot i@a to plot location. The average 2007-
2008 overland flow was the highest at Bo, thenofedd by SD, M, SS, T, and F. Bo was
ranked first for all seasons. Bo remained rankest for all seasons with SS, M and F were
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the next most productive situations. Reddish shaliad deep Acrisols at T and SD were the

least productive microplot locations over the years

In Table 3.2, it can be also seen that there wgeeater within-situation variability at the
different locations of the OF generated. For exanplgenerated its largest event OF mean
of 81 litres in 2008-2009; the next productive seawas 2007-2008 with a mean of 4.5 litres;

and the least productive season was 2009-2010,awitean of only 2.6 litres generated.

3.4 Timeto Runoff Initiation (TRI)

The overland flow response to rainfall for eighpressentative events selected among the 90
events of the 2007-2010 period, is presented imrEi@.4. The events chosen exhibited a
large range of rainfall characteristics. The high@sximum six-minute rainfall intensity
(42.3 mm H) occurred on 30 January 2009 and the highestafhiafnount (37.6 mm) was
recorded on 2 March 2010. Events were selectedntmdstrate antecedent rainfall conditions
prior to the rainfall event and, thus, represem¢egdent soil moisture conditions. The rainfall
characteristics of the eight representative overlflow events selected to graphically
investigate the spatial and temporal variationsBf at the catchment level are shown in
Table 3.3. Where Cum is the total rainfall of themr, | the average intensity of the event,
MaXsminl the maximum six minute intensity, RainC the artlnt rainfall that had bfallen
since the onset of the rainy season (1 October)PagRain-3 the antecedent rainfall 3 days

prior to the overland flow producing rainfall event
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Table3.3 Rainfall characteristics of the eight repreagwe overland flow events
selected to graphically investigate the spatial tmmaporal variations of TRI at

the catchment level.

Date DurationCum | MaXgminl RainC PreRain-3
min  mm -----—-- mm R eeeee mm-------

05-Jan-09 19 10 31.6 39.3 504.6 15.2
10-Jan-09 121 21 104 38 517.6 6.0
30-Jan-09 54 23 25.6 42.3 650.6 82.2
06-Dec-09 44 11.4 15.5 36.3 182.4 4.2
02-Mar-10 60 37.6 37.6 20.3 434.0 1.8
19-Mar-10 30 28 56 19.8 528.4 10.6
20-Mar-10 30 8.4 16.8 22.6 531.4 4.8
21-Mar-10 45 24 32 36.4 544.4 13.2

The event on 06 December 2009 occurred relativatly ento the rainy season, therefore it
had a low RainC (182.4 mm of cumulative rainfalcg onset of season). In contrast, the
event of 30 January 2009 occurred later on in tieyrseason (RainC=650.6 mm). The
cumulative rainfall of the three days prior to theent (PreRain-3) ranged between 1.8 mm on
2 March 2010 and 82.2 mm on 30 January 2009.

The hyetograph for the eight events are displayeBigure 2.4. The distribution of the rain
was either mono-modal or bi-modal. Mono-modal esatcurred on the following dates: 02
March 2010. 19 March 2010, 20 March 2010 and 22cM&010. Bi-modal events occurred
on 05 January 2009, 10 January 2009, 30 Januar§ 200 06 December 2009. From the
curves, it is noticeable that the OF obviously camoed after the rainfall started, the time
lag between the two corresponding to TRI. The elatuover time of OF generated at the
different locations is mostly asymmetrical and Gals appeared to be considerably lower
than that of the rainfall (if the curves were ekathie same, then all the event rainfall would
have been converted into OF). Out of the 8 evemtty 2 events showed OF bi-modal
behaviour, whilst OF for the remaining six eventswnono-modal. M and SST locations had
the highest OF peaks for all events, followed by $@nd F. The evolution over time of OF
for Bo was super-imposed on the rainfall (100% @¥F)all the events except on 6 December
2009, during which no OF occurred (100% infiltrafioThe frequency distribution of TRI, as
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shown in Figure 3.1, shows that the majority of DRthe microplot locations for the selected
overland flow events (44 data points out of 48) lsadRI of less than 60 minutes. The
majority of microplot locations had a responseesisl than 20 minutes (32 data points out of

48 were considered).
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Figure3.1 Frequency distribution of Time to Runoff Initen (TRI) for all microplot

locations

Average TRI at the different landscape locationd fom each of the three rainy seasons are
displayed in Table 3.1. Values varied between Gréutas at Bo to 6.4 minutes at F. TRI was
the lowest at Bo, followed by M; SS, SD, T, andThis ranking was consistent across the
three rainy seasons. While at Bo, average TRI gahed slightly from year to year, much
higher variations have been observed at the otmaistape positions. For example, at F,
average TRI ranged between 1.2 minutes in 2009-2010 10.8 minutes in 2007-2008.
Overall, TRI values were the lowest in 2009-2010 #re highest in 2007-2008 (Table 3.1).
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3.4.1 Controlling factorsof TRI

One-to-one relationships between TRI and the sadestvironmental factors are displayed in
Table 3.4. Due to the unique behaviour of OF indbtomland (Bo) (i.e., 100% OF when the
bottomland water table reaches the soil surface @G¥dOF otherwise) two correlation

matrices have been generated, one with and oneuwtitiottomland plots.

Table3.4 Correlation matrix between TRI (with and witha@lata from the bottomland)

and the selected soil variables and environmeaizbfs: Crust, Cov, Slope,

Clay, pp, ER (proportion of soil surface with exposed rpo®8NT (soil water

tension at depths of 20; 50 and 100 cm); Rain I(¥ant rainfall amount);

RainC (cumulative rainfall since the onset of tamy season); PreRain-3 (3-

days prior rainfall amount); Dur (event duratioit);event average rainfall

intensity; Maxminl (maximum event 6-min rainfall intensity) (n = 144

TRI

Hillslope Bottomland
Crust -0.08 -0.16
Cov 0.08 0.16
Slope -0.03 -0.27
Clay 0.06 -0.1
Pb -0.05 -0.19
ER -0.16 -0.13
SWTy 0.08 -0.13
SWTso 0.10 -0.11
SWTi00 0.20 -0.12
Rain 0.41* -0.08
RainC -0.47* -0.35*
PreRain-3 -0.23 -0.08
Dur 0.80* -0.03
I -0.17 -0.09
MaXgminl -0.15 -0.1

*Marked correlations are significant at p < 0.05

35



When including all locations, TRI significantly ecefated with only the cumulative amount of
rainfall since the onset of the rainy seasor(@.35). R coefficients were the lowest for Dur
(r=-0.03), Rain and PreRain-3 (r=-0.08), and 1 @69). The highest r were found with S (r=-
0.27), Cov (r=0.16), Crust (r=-0.16), apgl(r=-0.19). Overall, TRI decreased (i.e., increalse 0
OF response) as mean slope gradient; proportiotheofsoil surface covered by crusting;
exposed roots; percentage soil clay content; salik loensity, the cumulative amount of
rainfall since the onset of the rainy season, tinawative rainfall three days prior to the
event and the average rainfall intensity of thenéwand the maximum six-minute rainfall

intensity of the event, and soil water tensionseased.

Results from the multivariate analysis, a PCA, tiwe first axes of which explained 47
percent of the entire data variability (Figure 3.8dnich is shown by the horizontal bars
located in the top right hand corner of the PCAyealed a strong correlation between TRI
and axis-1 of the PCA, an axis interpreted as hasu soil surface degradation axis. TRI
appeared to be the lowest at high crust, higland steep slopes. The second axis, which
explained 17% of data variance, correlated with taenfall characteristics (positive
coordinates on axis 2) and the soil water tens{oegative coordinates on axis-2). TRI did
not correlate with this axis, which was interpretesl an axis of wetness status of the

catchment.
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Figure3.2 Principal Component Analysis of TRI and envimamtal variables for
hillslope (a) and bottomland (b)

A second PCA has been generated, using the datalythe bottomland location, where the

excess saturation was expected to control OF gemer@igure 3.2b). This PCA explained
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63 percent of the total data variability. The fiIlS€EA axis, which accounted for 39% of data
variance, correlated the most with soil water contgom 20 to 100 cm depth) and RainC. It
can be interpreted as an axis of bottomland soihess or water table establishment, soil
wetness increasing as cumulative rainfall increa$ee second PCA axis contrasts large and
intense rainfall events to small and low intensityes and can thus be interpreted as an axis of
rainfall event characteristics. On the PCA, TRIretated with axis-1, on which it showed a
positive coordinate. These results revealed that, TR the bottomlands, is primarily
controlled by the soil wetness status in relatimmexcess soil water saturation, in contrast to
the characteristics of rainfall events. TRI wasvehado be high under dry soil conditions and
close to zero when the water table reached thessdece.

These results highlight that TRI was controlledy excess soil saturation in the bottomland
and by soil surface features elsewhere in the osoh The strong relationship observed
between TRI and soil crusting was used to evaltngepatial and temporal variations of TRI
within the catchment, except bottomlands. In th&dmoland, TRI was zero when the soil
surface horizon was saturated by water. Using khiswledge, simple regression models
between TRI and soil crusting (Equations 3.1 tQ @dre generated for three selected events
and for the entire 2007-2010 period. The modelschviexplained between 59 and 95% of
data variance, were applied to the whole catchr{fégtire 3.3), using a map of soil crusting
spatial variations generated by Dlamiei al (2011) and interpolated from 200 field

observations and a map of bottomland extent gestbfat this study.

30-Jan-09: TRI = -0.259xCrust + 15.45 r’=0.95 (3.1)
06-Dec-09: TRI = -0.228xCrust + 38.26 r’=0.72 (3.2)
21-Mar-10: TRI = -0.128xCrust + 8.259 r’=0.59 (3.3)
Average: TRI = -0.139xCrust + 18.87 r’=0.65 (3.4)
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Figure3.3 Spatial variations of TRI for three rainfallezs of the 2007-2010 period.

Data estimated at the catchment level, using Eogusi8.1 to 3.4

The map of the average 2007-2010 TRI is displayedérigure 3.3. From the model that

explained 65% of data variability, the average WRk 17.2 min. with values between 4.9 and
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18.9 min. The lowest TRI is expected to have oaalin the bottomland, due to saturated
soil conditions conditions; and at the midslopeifpms, due to a high degree of crusting. In
contrast, TRI is likely to have been the highest5(>min.) on the steep convex crest and
hillslope plateau, and at the footslope under lousting. The map for the 80of January
2009 showed similar spatial trends. faster OF response to rainfall in the bottomland a
midslope than on the hillslope plateau. The modebuo generate this map explained 95% of
the TRI variance, which was the highest value antbegselected events. On that date, TRI
varied between 0 and 15.5 min., with an average2d min. The event of'6December 2009
was characterized by an average TRI of 35 min. walhies between 15 and 38 min, the faster
OF response occurring at the midslope position,reviike soil surface crusting was the
highest. The event of 21of March 2010 showed the lowest data range (0<BRRin.),
indicating a more uniform OF response to rainfalis model only explained 58% of TRI

variance.

3.5 Water and Nutrient Fluxesat the Different Nested Scales

3.5.1 Runoff at various scales

Data of cumulative water fluxes for the two seasand for the different scales (1m?2 for

microplots; 5m2 for plots; 23 ha catchment; 100ch&chment; and 1000 ha catchment) are

presented in Figure 3.4.
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Figure3.4 Cumulative runoff volume per unit area for ttve rainy seasons of the

different scales monitored in the research catchiief/m?)

For the first rainy season (2009-2010), the greaiesulative volume of water generated was
observed for microplots (average of 58.6 >,m=15vs.41.3 L m for plots, n=10). The first

overland flow event on 1x1mz2 occurred on 06 Oct&i¥)9, after there had been 11.2 mm of
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rainfall since the start of the rainy season. Tiret bverland flow on 5x2m?2 plots occurred at
the end of November 2009, which corresponded tanautative rain since the rainy season
onset of 173 mm. Such a result indicated that fugeheration at this scale was more
dependent on the antecedent soil moisture stattisea$oil than on microplots. The average
runoff coefficient estimated using an annual rdinfamount of 628 mm was 9.3% on

microplots and 6.6% on plots.

The 2010-2011 rainy season exhibited much highetutative overland flows at both spatial
scales (1x1m and 5mx2m). The increase was from 8828.0 L.nf for microplots and
from 41.3 to 350.0 L.fAfor plots. The resulting runoff coefficients forighwetter year

(1059.2 mm of cumulative rain) were 19.6% for mpiats and 33.0% on plots.

The first overland flow event in 2010-2011 occurred 25 November 2010, which
corresponded to an antecedent rainfall of 201.6nmeesthe onset of the rainy season. The
general trend for this season was for the 10m3%glmtproduce more overland flow than the
microplots. The plots were the most productive ougll the monitored scales within the
catchment. The 1frmicroplots were the fourth most productive sca@lee 10m?2 plots appear
to be more sensitive to rainfall as a result of skeepness of the cumulative curve, while

microplots show a more gradual increase of cumuddtux over time.

The 23 ha catchment showed a relatively constamt tiver time, as exhibited by a linear
shape for the line of cumulative fluxes. The seasoomulative flux was 316 L.Hin 2010-
2011 (the first rainy season at which the catchnvest instrumented), which made it the
second most productive scale (with a runoff coeffit of 29.8% in relation to annual
rainfall). The existence of constant flows (the semrece of low flows during dry periods
together with slight flow increases during rainfallents) points to the existence of a water
source from the subsurface, which acts as a bb#aween overland flow generated on the

slopes and the catchment runoff of the river neftwor

At 100 ha, the cumulative flux was 16.66 Cifthis corresponded to a runoff coefficient of
2.6%) for the period 2009-2011. The first recorddthnge in water flux at the 100 ha
catchment occurred after there had been 74mm wiatbrecorded in total since the onset of
the rainy season. There was minimal flow througtibatrainy season, which is indicative of

the impact that the quantity of rainfall has on thrological response of the 100 ha
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catchment. There was a greater amount of rainfahé month of March 2010 and the flux of
water at the 100 ha catchment did increase.

The 100 ha catchment initially displayed a slowpoese to rainfall for the period 2010-2011.
It appeared that the hydrological response of tlahment outlet was dependent on the
antecedent moisture status of the catchment. Tétenfionitored flow at the 100 ha catchment
occurred on 10 November 2010. The amount of rditifat had occurred since the start of the
rainy season (01 October 2010) totalled 133.4mneeQhis rainfall amount had fallen, there
was consistent low flow occurring at the 100 haesthrough to the middle of December
2010. From the middle of December 2010, there wasidilen increase in the amount of
cumulative flow. This coincided with a period ofjhirainfall amounts. From this period, the
100 ha catchment produced large quantities of tiatil the start of January 2011. In a period
from the middle of February to the middle of Ma2bl1, the 100 ha catchment produced
more flux than the 23 ha catchment. This periodragaincided with a period of high rainfall
and pointed to the flux at this scale being antenedoil moisture content driven, where large
amounts of flux occurred when the catchment was We¢ 100 ha catchment was the third
most responsive monitored scale for this studyopef284 |.n¥). This cumulative flux value
corresponded to a runoff coefficient of 26.8%.

At the 1000 ha catchment outlet, the cumulativeofisftux was 16.25 L riin 2009-2010 and
197.6 L nfytin 2010-2011. These cumulative flux values corresied to runoff generation
ratios (calculated in terms of the total seasomaaifall amounts) of 2.6 (2009-2010) and
18.7% (2010-2011) respectively. The yearly fluxesevranked last among the study scales,
but fluxes appeared second in 2010-2011 at they etizlges of the rainy season. It was
interesting to note that during this period, thenalative flux showed a lower slope than that

at the end of the rainy season.

A summary of cumulative seasonal fluxes at theedifit spatial scales (plotted as a function
of longest flow path for each nested scale; deteethifrom the catchment Digital Elevation

Model) is presented in Figure 3.5. In order to ustéend (and explain) the variations in the
flux of water at the different scales, the usehef longest flowpath distance of each individual
nested scale from the catchment upper limit canhékpful in highlighting the spatial

variations in the generation of water flux. As wa&mwn in Figure 3.4, the 2009-2010 rainy
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season had fluxes that were significantly lowemnthize fluxes that were generated in the

2010-2011 rainy season.
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Figure3.5 Cumulative yearly volumes of the water per anga as a function of distance
from catchment upper limit for the two seasons. @mere corresponds to

microplotdata; 5 m to plot; 500 to 23 ha; 1000 Mi®@ ha and 5000 m to 1000
ha

In 2009-2010, the 1fmmicroplots generated the most water per unit areaof the scales.
With an increase in the distance from the catchrhenit, there was a decrease in the amount
of water per unit area generated at the nestedsswath the 10Mmrunoff plots (5m distance)
generating the second highest amount of waterpvi@t by the 100 ha catchment outlet
(1000m distance) and finally, the 1000 ha catchmetlet (6000m distance). Since there was
no data available for the 23 ha catchment outleé0if# distance), one can assume that the
amount of water generated at this catchment outtetld be between the amount of water

generated at 10nmunoff plots and the 100 ha catchment outlet.
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The rainy season of 2010-2011 showed a signifigdnigher amount of runoff generated at
the nested scales. In contrast to the 2009-20k rséason, the 1rmicroplots did not
generate the highest flux of the nested scalegeAter quantity of flux was generated at the
10n7 runoff plots (5m distance; the greatest amourftuf generated), the 23 ha catchment
outlet (400 m distance; second highest amountw{ glenerated) and the 100 ha catchment
outlet (1000 m distance; third highest amount oix flgenerated), than at the ¥ rfim
distance; fourth highest amount of flux generaté@tijs change in behaviour could be a result
of there being a methodological error associatetth wie 1ni microplots where there was
preferential infiltration at the metal borders bé&tmicroplot perimeter. The decrease from 5m
to 1000m is linear, indicating that there was pagsa constant decrease in the amount of
water being delivered to each sitee(infiltration and/or evaporation). The least protile
scale was that of the 1000 ha catchment outletq®@istance). The cumulative flux at both
the 1nf microplot scale and the 1000 ha catchment outéet similar. The decrease in flux
between the distances of 1000 m and 6000 m (106atzhment and 1000 ha catchment
outlets, respectively) could be pointing to high@iltration (along the stream channel) and
evaporation (as a result of the storage dams lddagbveen the two catchment outlets). The
use of environmental tracers, such as the stabtepgss of water, could be a useful tool to

support such an issue.

3.5.2 Variations of sediment yields at the different spatial scales

The cumulative sediment yields for two differeninyaseasons (2009-2010 and 2010-2011)
are presented in Figure 3.6. At first glance, itnsticeable that the two seasons were

inherently different, with the 2010-2011 rainy s@asaving considerably higher sediment

yields (at all observation scales) than the 200802@iny season.
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Figure3.6 Cumulative sediment loads for the two seasohghe different scales

monitored in the research catchment (in9/m

With regards to the 2009-2010 season, all scalewesth a slow accumulation of sediment

yields. The first scale that showed any response tat of the 1fmmicroplots. The next
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scale that responded was that of the 100 ha catthmelet, followed by the 1000 ha
catchment outlet, and finally, the 1&mnoff plots. The 10frunoff plots showed the highest
sediment loads for any specific eveint.(the 10n7 runoff plot curve had the steepest gradient
of any of the observation scales’ curves), with tk&nf microplots having the next highest

event sediment yield.

The 2009-2010 rainy season accumulated sedimelasyier the different scales indicated
that the 10rhrunoff plots had the highest sediment yield (12257T) followed by the 1rh
microplots (72.11 g/f), 100 ha catchment outlet (0.83 gJmand finally, the 1000 ha
catchment outlet (0.16 gfn

At first, all the observation scales showed lithteno accumulated sediment yields. The first
scale that showed an increase in accumulated setlinedds was that of the 23 ha catchment
outlet. Subsequently, the 5x2munoff plots and 1fmmicroplots responded at the same time.
Both of the hillslope scales showed a gradual ss®ein sediment yields as a response to
erosive rainfall events. At the end of the raingss®, both hillslope scales’ curves did taper
off. The 100 ha and 1000 ha catchment outlets leadmbited a slow accumulation of
sediment yields, with the 100 ha catchment outsponding before the least responsive
observation scale, the 1000 ha catchment outletedms of the greatest event specific
sediment yields, the 23 ha catchment exhibitedytbatest instantaneous change in sediment

yields.

From Figure 3.6, the final accumulated sedimentdgiéor the different scales are shown. The
scale with the highest sediment yield was thathef 10nf runoff plots (689.92 g/f). The
scale with the next highest sediment yield was dfidghe 1n7 microplots (439.86 g/f), then
the 23 ha catchment outlet (204.97 §/m00 ha catchment outlet (62.93 grand finally the
1000 ha catchment outlet (1.98 §Jm

In terms of water fluxes (as presented in Figure),3it appeared that on the hillslope,
sediment yields increased with greater surface mfate along the hillslope. The sediment
yield transport between the hillslope and the 28atahment appeared to be low, as there was
difference in sediment yields between the two. $bdiment yield data for the 23 ha and 100
ha catchment outlets indicated that there was lomticuity, possibly, due to an increase in

sedimentation between the two catchment outlete. TOD0 ha catchment outlet sediment
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yield data highlights the influence that the steratpms immediately upstream from the
sampling site had on the transport of sedimentissdil particles (sand, silt and clay) would
have been deposited within the dams. This wouldehasulted in the decrease in the

sediment yield observed at the 1000 ha catchmelgtou

3.5.3 Nitrate concentrations

Table 3.5 displays the basic statistics of the eotration of dissolved nitrates (NEN) of
the nested scales.

Table3.5 Basic statistics of the concentrations of tlesalved elements and particulate

elements of the nested scales (n = 160)

Hillslope
1nf 10nf 23ha 100ha 1000 ha P Boreholes
Piezometers

Dissolved (mg/L)

~ Mean 27.10 29.65 14.46 3058 9.65  40.74 5.18

N Sidev 2672 2550 571 3074 113 48.98 5.39
Mean 056 050 011 019 006  1.01 0.07

i Stdev 058 060 004 011 005  1.18 0.05
Mean 4052 42.61 1590 33.65 3250  105.31 45.39

POC Sidev 5225 4330 2020 3173 3679  72.56 49.99

Particulate (g/100g of sediment)
Mean 5.82 3.94 4.30 0.10
Stdev  1.48 0.99 0.98 1.35
Mean  0.59 0.35 0.24 0.10
Stdev  0.23 0.07 1.23 0.64

The average nitrate concentration for the diffeimales had a range of between 9.65 mg/I
(1000 ha catchment) and 30.58 mg/l (100 ha catctjm@milar nitrate concentrations were
found at the 1mmicroplot scale (27.10 mg/l) and the 0ranoff plot scale (29.65 mg/l).
The nitrate concentration of the 23 ha catchmealtes(l4.46 mg/l) was found to be lower
than what was found from both sets of runoff pkales. Therefore, it was apparent that the
nitrate concentration decreased from the runoff gtale to the 23 ha catchment outlet, from
where the concentration increased to the 100 ltheeant and, finally, a decrease to the 1000
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ha catchment. There was a great deal of varialhtghe nitrate concentration, with the 100
ha catchment having the highest standard devigB86tv4 mg/l). The monitored scale with
the smallest deviation was the 1000 ha catchmedéeyS= 1.13 mg/l).

In terms of the nitrate concentrations for the nameid groundwater sampling points, it was
found that there was a higher mean concentratiathenhillslope piezometers (40.74 mg/l)
than the groundwater monitoring boreholes (5.18)mg@he hillslope piezometers showed a
variable total phosphorus concentration (Stdev 988ng/l), with the boreholes being

considerably less variable (Stdev = 0.07 mg/l).

From the mean nitrate concentrations of the differgampling points and scales, it was
evident that there were possibly three differerftaveours occurring within the catchment.
Firstly there appears to be some sort of nitrateletien from the hillslope (the 1xTm
microplot scale, the 5x2frrunoff plot scale and the hillslope piezometers)tie 23 ha
catchment. Secondly, it would seem, as if thereevatiher sources contributing to the 100 ha
catchment. Thirdly, the 1000 ha catchment had alaimitrate concentration to the deep

groundwater/boreholes.

3.5.4 Total phosphorus concentrations

Table 3.5 shows the basic statistics of the comagon of dissolved total phosphorus of the
nested scales. The mean concentration of the pbt@asphorus for the monitored surface
scales has a range between 0.06 mg/l (1000 hancanthto 0.56 mg/l (1Amicroplots). This

is similar to the behaviour of the nitrate concetbn, where there were similar total
phosphorus concentrations for both the 1%microplot scale and the 1Grrunoff plot scale
(0.5 mg/l). The mean total phosphorus concentradieereased at the 23 ha catchment outlet
(0.11 mg/l) and then increased at the 100 ha ou®et9 mg/l). Finally, the total phosphorus
decreased from the 100 ha catchment outlet to @06 ha catchment outlet (0.06 mg/l). The
total phosphorus concentration was the most variabthe 10fmrunoff plot scale (Stdev =
0.60 mg/l) with the 23 ha catchment outlet beirgyldast variable (Stdev = 0.04 mg/l).

In terms of the concentration of total phosphonrstifie monitored groundwater zones, there
was a higher concentration for the shallow grourtdwg1.01 mg/l for the hillslope

piezometers) than the deep groundwater (0.07 muyl the boreholes). There were
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fluctuations in the measured total phosphorus aanagon for the Hillslope piezometers
(Stdev = 1.18 mg/l), with the borehole total phaspis being less variable (Stdev = 0.05
mg/l).

3.5.5 Dissolved organic carbon concentrations

Table 3.5 displays the basic statistics of the eatration of DOC at the different nested
scales. The mean DOC concentration ranged fromO1m@/| (23 ha catchment outlet) to
42.61 mg/l (5x2rh runoff plots) for the surface hydrological processmes monitored. The
1nm? microplots had a mean DOC concentration that Wghtly lower than that of the 10m
runoff plots (40.52 mg/l). From the 23 ha catchmauttet, the mean DOC concentration was
found to have increased at the 100 ha catchmefetd38.65 mg/l), possibly as a result of
additions coming from elsewhere in the landscape mean concentration of DOC at the
1000 ha catchment outlet was 32.50 mg/l, which ovdyg slightly lower than that of the mean
DOC concentration at the 100 ha catchment outlleé Jtandard deviations of the different
sampling sites indicated highly variable DOC cotiions, with the Stdev varying between
31.73 mg/l (100 ha catchment outlet) and 52.25 g/Lnf microplots).

The mean DOC concentration for the two differeriissuface monitoring zones showed that
the hillslope piezometers had a higher mean DOCcarumation (105.31 mg/l) than the

boreholes (45.39 mg/l). It was found that the mB&TC concentration was more variable in
the hillslope piezometers (Stdev = 72.56 mg/l) timathe monitored boreholes (49.99 mg/l).

3.5.6 Nitrateloads

The cumulative nitrate loads for the different ssalor the period of October 2010 to April
2011 is shown in Figure 3.7. From Figure 3.7, initiceable that the nitrate loads at the
different monitored scales are inherently differéfte curves show that for all scales, there
was a consistent and steady yield of nitrates cgrfriom these scales. However, the 100 ha
catchment outlet showed the greatest change iataitoads.e. the greatest instantaneous

change in cumulative nitrate loads.
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Figure3.7 Cumulative Dissolved Nutrient Loads (in gfrof the different nested scales
for the 2010-2011 rainfall season

The range of the cumulative nitrate loads for tiffeent monitored scales was between 0.04
g/m’ (1000 ha catchment outlet) and 10.38 g{Bx2nT runoff plots). The scale with the
second highest nitrate yield was the 100 ha catohroetlet (8.7 g/rf), followed by the
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1x1nf microplots (5.65 g/A) and the scale with the fourth highest nitratddyigas the 23 ha
catchment (4.57 g/th

From the curves plotted, it was noticeable thatrimmitored scales located on the hillslope
had different yields. It appears that there coddbink between the nitrate loads occurring as
overland flow over long distances. However, theaté loads for the 23 ha catchment outlet
were lower than that of both the microplot and glcdles. From the 23 ha catchment outlet to
the 100 ha catchment outlet, the nitrate loadseamed, indicating that there have been some
additions of nitrate from the landscape betweentweemonitored scales to the streamflow.
Further along the stream, the nitrate load decsessahe 1000 ha catchment outlet. The
influence of the two small storage dams locatedraps from the sampling point may have
had an impact on the nitrate loads calculated et1®00 ha catchment. The dams would

impact the nitrate by storing and impeding thesport of the Nitrates further downstream.
3.5.7 Dissolved organic carbon loads

The cumulative DOC loads (gfjnof all monitored scales for the 2010-2011 raiegson are
shown in Figure 3.7. The yields of the three cateht® did not initially vary. However, due
to the consistent flow occurring at the 23 and 10@0 catchment outlets, there was a
consistent load of DOC at these two catchment wutlEhe 100 ha catchment outlet only
started transporting DOC loads when some flow agecijrbut the 100 ha catchment outlet
was the monitored scale that exhibited the steepasiulative curve. The hillslope scales
(1x1nf microplots and the 5x2mrrunoff plots) were the last scales to respondh wiite

5mx2m runoff plots being more responsive than tingIim microplots.

In terms of the final cumulative DOC load values filoe different scales, the 5x3munoff
plots had the highest DOC vyield (14.92 &mThis was then followed by the 100 ha
catchment outlet (9.58 gfp 1x1nf microplots (8.44 g/f), the 1000 ha catchment outlet
(6.42 g/nf) and finally the 23 ha catchment outlet (5.03%/m

The different accumulated yields for the monitosedles located on the hillslope could be
attributed to the greater overland flow responsehef 5x2m runoff plots. There was a
decrease in the DOC load from the hillslope to2Beha catchment outlet. In contrast, there

was an increase in the DOC load from the 23 hahoatat outlet to the 100 ha catchment
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outlet. There was increase in the DOC load from1id@ ha catchment outlet to the 1000 ha
catchment outlet.

3.5.8 Total phosphorusloads

Figure 3.7 shows the cumulative total phosphorasldoof the different nested scales for the
2010-2011 rainy season. The cumulative total phmshload (g/rf) curves for all five
monitored scales within the Potshini Catchmenticawe that the Total phosphorus loads did
not initially vary. However, the first observatisnale to have a response (an increase in curve
gradient), in terms of total phosphorus yield, Wt if the 10rf runoff plots. The next scale

to exhibit a change in its load of total phosphomas that of the 1Amicroplots, followed by

the 100 ha catchment outlet, the 23 ha catchmeigtpand finally, the 1000 ha catchment
outlet.

The final cumulative total phosphorus yields showleat the order of the highest yields was
as follows: 10m runoff plots (0.18 g/ff), 1nt microplots (0.12 g/R), 100 ha catchment
outlet (0.05 g/mM), 23 ha catchment outlet, and finally, the 1000ch&chment outlet (0.01
g/m?). There were similar loads for the monitored ssalethe hillslope scale, with the 10m
runoff plots (larger scale) having a slightly gezafotal phosphorus yield of 0.18 d/tian

the 1nf microplot scale (0.12 g When comparing the hillslope scale to the 23 ha
catchment outlet, the catchment loads decreased the hillslope. However, the loads
increased from the 23 ha catchment outlet to tiehEOcatchment outlet. This indicated that
there were additions to the system between theobgervation scales. The 1000 ha indicated
that there was a net loss in the total phospharad, Iwhich could be caused by retardation

and storage within the storage dams located imrteddiapstream of the observation scale.

3.5.9 Particulate organic carbon loads

In Table 3.5, the mean particulate organic Card®®() concentrations for the different
scales are shown. The scale with the highest meaticydate C were those of the im
microplots (5.8 g C/100g sediment). The scales with next highest amount of mean
particulate C was that of the 23 ha catchment b(#l80 g C/100g sediment) followed by the
10n7 runoff plots (3.94 g C/100g sediment), and finathe 100 ha catchment outlet (0.10 g
C/100g sediment). The nested scale with the masghla particulate C was that of the 4m
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microplots (Stdev = 1.48 g C/100g sediment) andehst variable nested scale was the 23 ha
catchment outlet (Stdev = 0.98 g C/100g sediment).

Figure 3.8 displays the yields of particulate rernts for all the nested scales monitored. In
terms of the particulate C yields, there was a Bigdttial variability. At the hillslope scale, the
5x2nf runoff plots had a higher particulate C yield @6.g/nf) than the 1rh microplots
(25.51 g/m). The particulate C yield decreased from the lojils to the 23 ha catchment
outlet (8.18 g/rf) and decreased even further to the 100 ha catdtonéet (0.06 g/rf).
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Figure3.8 Sediment Loads and selected particulate nuitteaals of the different scales
monitored for the 2010-2011 season
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3.5.10 Particulate organic nitrogen loads

Table 3.5 lists the different scales’ mean parétailorganic nitrogen (PON) values per 100
grams of sediment. The scales with the highest ositipn of PON was the 1Tmicroplots
(0.59 g N/100g sediment). The scale with the néythdst PON composition was that of the
10 nf runoff plots (0.35 g N/100g sediment), then thehaatchment outlet (0.24 g N/100g
sediment) and then, finally, the 100 ha catchmetlet(0.10 g N/100g sediment). The scales
were found to have variable PON compositions, il 23 ha catchment outlet being the
most variable (Stdev = 1.23 g N/100g sediment) tied5x2n3 runoff plots being the least
variable (Stdev = 0.07 g N/100g sediment).

Figure 3.8 shows the PON vyields for all of the elifint nested scales. There was a distinct
spatial variability in the loads of PON. The nessedle with the highest particulate N yield
was that of the 10frrunoff plots (2.76 g/ff). The nested scale with the second highest PON
yield was that of the 1fnmicroplots (2.64 g/ff). Following the 1rh microplots, the 23 ha
catchment outlet was the third highest PON vyield{0y/nf). Finally, the nested scale with
the fourth and lowest PON yield was that of the h8@&atchment outlet (0.06 ¢fim

3.6 Isotopicand Tracer Data

The concentration of selected dissolved elemenésfasction of distance from the catchment

upper limit are displayed in Figure 3.9.
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Figure3.9 Concentration of selected dissolved elementa asction of distance from
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Water collected frommicroplots (Distance of 1m), plots and the 23 h&cloaent outlet
(distance=600m) were enriched in N-jJHN-NOs', Al, and depleted in Na, Si, Mg, Ca. The
23 ha catchment outlet water showed a higher caratem in Si, Fe, Ca, Mg, Na than the

hillslope runoff, but showed similar concentraticass water sampled from the piezometers.
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The deep groundwater (25 meters depth) was depgletadst of the measured elements, such
as, both N species, Fe, Mg and Al, but enricheNan(24mg/L). The water from the 100 ha
catchment outlet exhibited a depletion in thesenelds, except Na, which was found in much
higher concentrations than at the other spatidescd@he 1000 ha catchment outlet showed
enrichment in all elements, especially Ca, Mg, Rd &i, while N and Na concentrations
remained in the same order, as found at 100 hadroatat outlet. Figure 3.9 displayed the
evolution of isotopes from the hillslope to the @dta catchment outlet. The general pattern
within the landscape was for both isotopes to h@eded from 1m?2to 23 ha catchment outlet

and to afterwards increase to the 1000 ha catchouglet.

Both stable isotopes{fO and deuterium) showed similar patterns of fluttuaamong the
seasons, implying that the travel-time distribusioof both tracers have similar shapes
(Figure 3.9). Small plots runoff and shallow growader of the hillslope tracked the rainfall
signature closely. Important variations were obsérirom one event to another with values
ranging fromd;50 0.71 to -3.90%0¢,H 26.85 to -14.95%0 for rain and -2.63 to -6.44%:d
38.92 to -30.86%0 for plots; while 23 ha, 100 ha dafD0 ha outlets and groundwater
remained constant witeysO mean values of -3.26, -2.60, -1.62, -3.73%o. &l of -8.79, -
5.38, -2.63, -14.37%o respectively.

The use of single elements, individually, does altaw adequate insights into the mixing
occurring within a catchment. The use of wateradpes in conjunction with chemical
elements in Equations 2.4 to 2.6 allowed end memi»eing analysis for the period from 22

February to 1 April 2011 and for all 3 monitoredatements to be performed.
The mean contributions of the three selected wsderrces (Overland Flow, Soil Water,

Groundwater) are presented in Table 3.6. This garesdication and insight into the spatial

variations of the runoff generated at the differsrdles.
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Table3.6 The mean contribution of the three main waterses for the three catchment

scales

1000
23 ha 100 haha

Overland Flow 22 22 8
Soil Water 15 28 37
Groundwater 63 50 55

The results presented are an initial attengt the first time that this technique has been
performed in this specific catchment) at performiggneral estimates of the sources
contributing to runoff at the three monitored catemt outlets. Groundwater contributed the
most to runoff fluxes at all the three nested aatehts. The mean groundwater contribution
was 63% at the 23 ha catchment outlet, 50% at @eha catchment outlet and 55% at the
1000 ha catchment outlet. The mean soil water tion to catchment runoff increased

from 15% at the 23 ha catchment outlet to 28% atl®0 ha catchment outlet, and to 37% at
the 1000 ha catchment outlet. Overland flow contidn was almost stable at 22% at the 23
ha catchment outlet and 22% at the 100 ha catchougiet, but highly decreased to 8% at the
1000 ha catchment outlet. From these results, the® a general trend for soil water

contributions to increase with the increase in luagent size. The relative overland flow

contribution was similar at the 23 ha catchment #0@d ha catchment outlets, but was much

lower at 1000 ha catchment outlet. Groundwatertivasnajor contributor at all scales.

The evolution over time of the contribution of ttieee water compartments at the 23 ha
catchment outlet and the 100 ha catchment outketdeplayed in Figures 3.10 and 3.11,
respectively. On 2February 2011 the antecedent cumulative precipitatras 22.8 mm and
31.2 mm for the previous 3 and 7 days, respectiwghyich can be considered as a rainy
period. A dry spell occurred between tH&t® the 18" of March, followed by a wet period.
As discussed earlier, the calculation of the mixigources at the 1000 ha catchment outlet
showed that the largest contribution to catchmenbif was that of groundwater during both
events and periods of low flow. This approach a#ldwor an insight into the temporal
variations of the sources of runoff at the catchimartlets in conjunction with the spatial

variations of catchment runoff at different scales.
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Figure3.10 Mixing of the sources contributing to catchinemoff at the 23 ha catchment
outlet

Overland flow was, with 60%, the highest contriuabthe 23 ha catchment to runoff during
the initial rainfall event on 25 February 2011lintreased to 97% on 2 March 2011. Over
time, the OF contributions decreased, which coeatidith increased contributions from soll
water. OF contribution was 0% during the dry spélthe first half of March and towards the

end of the period. Soil water, that initially cabhtrted nothing to the catchment runoff,
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increased over time with a peak at 51% on 27 Ma&@hl. A reason for the low initial

contribution of soil water is that the water frohetfirst rains is stored in the soil profile,
rather than moving through it. Once the soil moistdeficit was satisfied, soil water
contributions increased. However, soil water sthrtentributing on 2 March 2011, after
which soil moisture consistently contributed water catchment runoff. Groundwater
contributions at the catchment outlet were 100% hilghest during periods of low flow when
there was no rainfall. Groundwater still contriltlite catchment flow during events, but the

contribution was low (the lowest event contributlmging 2.5%).
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Figure3.11  Mixing of the sources contributing to catchinmemoff at the 100 ha catchment
outlet

The mixing of the sources contributing to catchmemntoff at the 100 ha catchment are
shown in Figure 3.11. Soil water had the greatestribution (40%) to catchment runoff at

the initial storm, followed by OF (30%) and grourater (30%). Groundwater contribution
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was 100% during periods of low flow. For two outtbé three distinct events of the period
for the 100 ha catchment outlet, soil water andlaewd flow contributed similar amounts of
water to the catchment runoff (50% contributiormrireach of soil water and overland flow).
The event which occurred on 24 February 2011 h@adi% contribution from soil water and
21% from overland flow. It was found that soil wagad overland flow only contributed to

catchment runoff during events.
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4. DISCUSSION

4.2 Spatial and Temporal Variations of Overland Flow and Controlling Factors

4.2.1 Spatial variationsof total OF

As expected, it was found that the amount of OFegeted varied within seasons in response
to variations in rainfall characteristics (Bartley al, 2006; Bautistaet al, 2007). For any
given rainfall, OF response was found to be higfagiable within the catchment. Since OF is
primarily controlled by the response of the soilface to rainfall, any variations in rainfall
characteristics will cause a large degree of vditialn the overland flow that is produced by
a rainfall event. The highest volume of OF was gateel at the bottomland position, followed
by the midslope, whilst the lowest was observethatfootslope. The link between total OF
and selected environmental factors of control shithat higher OF generated at the midslope
can be explained by the higher occurrence of swisttng (Dlaminiet al, 2011). These
results also confirm previous observations by Coiagtl al. (2007), where soil crusting was
found to mainly control OF in the sloping landssoluth-east Asia. Similar results where the
soil surface features controlled OF were found Bsdheemaekest al. (2006) in a study
conducted in the Ethiopian Highlands. The presamdysconfirms the major effect that soil
surface conditions such as crusting has on OF wveduWhat could be considered here as
new is the fact that the impact of soil surfacedibons may vary over time and especially as
a function of the soil water status. Indeed, fielibervations of water fluxes at the different
scales show that unless the soil profile was segdrhy water, there was little connectivity
between the different landscape compartments. Bluxere found to be higher when the
catchment was wet and whatever the soil surfacelitons {.e. the condition of the soil
surface with respect to crusting, and percentagiefsoil surface covered by vegetation),
soils were producing similar amounts of OF. Theseindeed a need to investigate the
threshold value of soil water saturation where Qfimishes. It is the author’s belief that
when the soil is dry, crusting is likely to playnaajor role, while when soils wet up, the

crusting impact on OF is likely to diminish.
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4.2.2 Temporal variations of overland flow

In addition to the spatial variation across thedtrape of total OF, were variations of time to
runoff initiation (TRI) with a three year averagenging from 0.2 to 6.4 minutes. TRI was
found to be the lowest in the bottomlands and tigildst at the footslope. This order of
response was identical to that of total OF, meattad) the locations that produce the largest
amount of OF also showed the fastest OF generafi@hwas highly spatially variable and
this confirms several studies focussed on soiltrafion and OF generation. At a nearby site
under soil and land use conditions but with a grestnge of soil crusting, Podwojewsltial.
(2011) using a rainfall simulator found large vadas in OF response to rainfall. TRI
estimated from the infiltration curves of a 30 mthrainfall event ranged from less than two
minutes to about five minutes. This TRI range isagtordance with the results that were
found in the present study. Similar results wenentbin the study by Devaurs and Gifford
(1984) in the rangelands of Idaho, USA (0.6 <TRI<®#h.). The following part of the

discussion investigates the reasons of such higatians in TRI.

The results showed that within hillslopes, bottaml& exhibited a unique behaviour in
respect to TRI. The bottomlands, with a full suefamverage by vegetation and little to no
crusting, showed infiltration coefficients of eithED0 or O percente. a TRI of 0 seconds or
no response at all (infinity). The multivariate bisés performed on the data from this slope
position, revealed that cumulative rainfall andl seater tension were the only controlling
factors of TRI. TRI was found to be greater earlythe rainy season because of dry soil
conditions (low cumulative rainfall and high soibter tensions). After a certain cumulative
rainfall threshold necessary for the entire sodfie of the bottomland location to become
saturated, TRI was found to be 0 sec., indicatirsfigintaneous response to rainfall regardless

of the characteristics of the event.

The rest of the hillslope exhibited a different &elour. The multivariate analysis indicated
that TRI was primarily controlled by soil and ssirface characteristics, rather than the soil
water status and rainfall conditions. Among the sorface characteristics, coverage and
crusting have been shown to play an important reieh) TRI decreasing as soil surface
crusting increases. Ben-Hut al. (1985) similarly found that soil crusting has agk
influence on the infiltration process and hencerlavel flow. Podwojewskiet al. (2011)

explained that the differences in overland flowpesse can be a result of the different soll
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surface coverage and crusting, where areas withstolxsurface coverage by vegetation and
high crusting were found to have a faster respoBsg surface features impact overland flow
through changes in soil porosity. The transportvater through the soil takes place in the
pore spaces between soil particles and soil aggeg&oil crusts are the surface layers of
soils, which are harder and less permeable thaanerlying soil. Soil crusts are formed by
disaggregating compound soil particles (sand, slty), which reduces soil porosity of
different particle sizes (Dexter and Richard, 20G8us explaining the link between soil
crusting and soil infiltration by water. Greater [TfRalues at higher vegetation coverage
values can be explained, according to Dexter (19B®)features such as plant roots and
associated biopores. Miyata al. (2010) suggested that the difference in infilbatalong a
slope can be explained by the rapid infiltratiolated to macropore flow. From these results,
areas with a high degree of excess soil saturaticareas with a large degree of soil surface

degradation will generate OF quickly and will tHere have a low TRI.

Soil characteristics were shown to be key in thetrob of TRI over the area. The different
soil types found within the catchment, whilst semnjldisplayed different TRI characteristics,
as shown in a box plot of TRI, as a function of sges found in the study catchment (Figure
4.1).
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Figure4.1 TRI as a function of soil types found in thedst catchment
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The quickest response and lowest TRI values inctitehment were Gleysols, followed by
Acrisols with the greatest delay in OF generati@cuoring in Luvisols found within the
catchment. With the use of this finding, the ragkai each of the 6 soil types’, found within
the catchment, response to three rainfall everdslas study based averagw has been ranked

(Figure 4.2).

30 January 2009

21 March 2010

TRl rank (mode)

=i b P

125 0 125 250 Meters
—— Estimated water pathway

Figure4.2 TRI ranking for three rainfall events of thedZ€2010 period

67



Such an approach allows for predictive modelling assumptions to be made in different
catchments in terms of OF response to rainfall. elew, some considerations need to be
made. As the highest and lowest TRI values weradan the soil types with the lowest soll
clay content, soil clay content cannot be the sad@lanatory variable for the differences in
soil type response. Wakindiki and Ben-Hur (2002ygasted that clay mineralogy and
aggregate stability can play an important rolehie ¢control of overland flow highlighting the
need to further investigate the solil type effectléti. Moreover, TRI was shown to increase
as soil clay content increased confirming the mesiwork conducted by Van Esal. (1991)
which contradicted the previous results of Williaetsal. (1981). The positive correlation
between clay content and TRI might be explainethleypresence of stable aggregates, which
as reported by Dlamirgt al. (2011), decreases soil disaggregation thereftoeviag for high
infiltration rates and delayed overland flow getiera

This study has added to the previous knowledgenénsense that it allowed to rank the
importance of the different factors that controll;TRith soil surface conditions playing a
major role, followed by soil characteristics. Saidter content becomes predominant when
soils get waterlogged. This, not only occurs in Bottomlands during the wet season, but
further up hillslopes, as a soil profile increagesaturation. These results seem to indicate
that OF within the area is of two type®. saturation excess (in the bottomland) and
Hortonian (on the rest of the hillslope). Againbuld be prudent to investigate the ranking
between such factors of control, before and aftersbils get wet.

A final aspect to be discussed, is the generatfam mredictive tool for TRI spatio-temporal
variations. According to the linear regression ni®dkerived, crusting was able to explain
over half of the variations for all rainfall eventas illustrated by the strong linear
relationships. Therefore, in areas with a high propn of the soil surface covered by crusts,
the models will predict that the TRI will be low. IA&nitation to this approach is the exclusion,
within these models, of the saturated areas witiencatchmenti.g. Bottomlands) and thus,
will be potentially responsive to rainfall even@®onsequently, since the results used to derive
these simple models were obtained from only 6 mpiatoocations some caution needs to be
taken. Extrapolating the results from relativelyfént micro-plots to an entire catchment

should be performed with caution.
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4.3 Changesin Water Quantity and Quality Acrossthe Scales

Delivery ratios of the fluxes of runoff, selectedtments and sediments yields (calculated
from the end of the 2010-2011 rainy season) carcdleulated by using the data from
Figures 3.7 and 3.8, respectively. The scale rat&s defined as the ratio of water and
nutrients transported and measured from one oltsamvacale to the next. Therefore, for
example, a scale ratio of 1for runoff would inde#hat there was the same amount of water
generated per unit area from one scale to the S®dle ratios greater than 1 indicated that
more water or nutrients were measured at the dogarstscale than the upstream scale. Scale
ratios less than 1 indicated that the water nussi@er unit area decreased form one scale to
the next. Subsequently, Figure 4.3 shows a sumwofatlye runoff, DOC, POC, nitrates and
sediment yields observed at the nested spatiabsaalnging from 1 m2 to the 1000 ha
catchment outlet of the 2010-2011 rainy seasoraselaote that the plot scale refers to the 10

m? runoff plot
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Figure4.3 Runoff, DOC, POC, Nitrates and sediment yieldserved at the nested spatial

scales ranging from 1 m2 to 1000 ha for the 201012@iny season

The scale ratio between the microplot and plotescavas 1.68. The scale ratio was 0.90

between plot and 23 ha catchment ouilet the water flux at the 23 ha catchment outlet was
10% lower than that of the plot level); 0.89 betweabe 23 ha catchment and 100 ha

catchment outlets; and decreased sharply to 0.%eba the 100 and 1000 ha catchment

outlets. The scale ratios for the period of 201@426alculated showed that there was a steady
decrease in the delivery of water from the hillegzale i(e. overland flow measured at the
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plot scale) to the catchment scale. The scale rmloulated from plot to hillslope was
considerably higher than other scale ratios frohewtegions in the world. Among the few
studies available, Chaplot and Poesen (2012) fabteddelivery ratio between plots and
catchment was 0.04, meaning that the catchmentyyldax of water was only 4% of plots’
yearly flux. Conversely, the scale ratio calculatesm the hillslope to the 23 ha catchment
outlet of 0.9 was considerably lower than the ratia21.7 obtained in Laos by the same
authors. Chaplot and Poesen (2012) state thatotlerldeliveries (of their study) at the
catchment outlet compared to the plot level waslyiko come from the infiltration of water
on the lower portions of slopes, which are lateinteoduced within the catchment. This
behaviour has been shown in other studies unddereiift environmental conditions
(Cammeraat, 2004; Bracken and Croke, 2007). Theease of the runoff delivery from the
hillslope to the catchment level by a factor 2In7Laos (Chaplot and Poesen, 2012) was
likely due to the contribution of saturation ovedaflow at the foot of the hillslopes
(originating as hillslope seepage). This was ole@iat the same site in Laos by Vigietkal
(2008).

The resultsi(e. a 0.9 delivery ratio between the plot and 23 hahraent scales) tended to
show a continuity of overland flow from plot to tB8 ha catchment outlet. However, there
might be either a continuity of overland flow oetimfiltration of overland flow on hillslopes,
subsurface downslope water movements and seepémethia river channel. Those two
hypotheses could be valid but runoff data alonencabe used to support one or the other.
The tracer data and end member mixing analysisligigked the fact that sub-surface water
contributions increased at both the 23 ha catchmeat100 ha catchment outlets, as the soil
moisture status increased. Field observations iftehthat infiltration, followed by, wetting
up of the soil profile and further seepage into tiver channel is a dominant process as

shown by the many seepage faces observed alonganés €.g.Figure 4.4).
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Figure4.4 Example of hillslope seepage (presented adaheer shade red at the bottom
of the channel bank) into the river channel 20 nstigam of the 23 ha
catchment outlet (photo taken on 10 February 2010)

Water fluxes subsequently decreased from the 28abehment to the 100 ha catchment
outlets by a ratio of 0.89. There might be différgmocesses operating between these
monitored scales. From the ratio of 0.89, therddtbe a relatively low loss of runoff fluxes,
by either evaporation or seepage. Other hypothasgs as high losses and gains during the
downstream movement of runoff cannot be discar@smhsidering the presence of a dense
vegetation within the stream channel from the 28dtahment to 100 ha catchment outlets, it
is the author’s belief that evaporation can expthi@ 10% loss of water volumes per unit
area. The differences in fluxes, however, couldheeresult of errors in the estimation of
water fluxes when using weirs or flumes. Continucaigoration of fluxes at monitored scales
using complementary methods such as on-site cabbrhave shown, however, that errors, at
least for low flows, are in the order of a few marc(data not presented here).
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There was a large decrease of water fluxes perane& from the 100 ha catchment outlet to
the 1000 ha catchment outlet. This could be expthlvy the presence of the 2 large dams, in-
between these nested scales, which is used agestmairrigation on a commercial farm.
Besides water evaporating in the river channeltrabisons from the storage dams for
irrigation and the evaporation of water from thendawill decrease the streamflow.

Note that in this evaluation, the data of the TOphots were used rather the data of the®1 m
microplots as the data representing the water géstbion the hillslopes as a methodological
error was identified after the research was coretlicThe 1 rh microplots had a higher

density of border perimeter bordering the plot whieould cause preferential infiltration to

occur and which, ultimately, decrease the amourttvefland flow. However, an increase in
the runoff generated between the 4microplots and the 10 Tiplots could be a consequence
of a greater connection between different surfagpressions, which would lead to lower

greater connectivity of the overland flow genergtameas (Hopp and McDonnell, 2009).

The delivery ratios for sediments was 1.57 betwm&roplot and plot scales; 0.30 between
the plot and 23 ha catchment; 0.31 between thea2@atchment and the 100 ha catchment;
and 0.03 between the 100 ha catchment and theHaD68tchment. The ratio between the plot
scale and the 23 ha catchment outlet of 0.30 wagifsiantly higher than the range of
between 0.01 and 0.1 which has been reported inusastudies (Trimble, 1983; Staat al,
2001; Beveret al, 2005; Rommenst al, 2005; de Ventet al, 2007; Parsonst al, 2006;
Walling et al, 2006). The present discussion will not attempéxplain the sources of the
eroded sediment at the various nested scalesh@hibeen done in the same Potshini research
Catchment by Oakes (2012). Oakes (2012) foundAB#t of the sediments lost from the 23
ha catchment originated from the deep soil horizonthe gully banks. This points out that
most of the exported sediments do not come froerrifiterosion processes on hillslopes but
from the collapse of gully banks, which is a coatins process, that has been observed
throughout the catchment (Chaplet al, 2010). Subsequently, it seems that most of the
eroded sediments originating from the hillslope deposited (most likely at footslope
positions) before reaching the river system. Ipoase to this trend the recalculated delivery
ratio, based on the results from Oakes (2012)piec to 0.08 than 0.3; which corresponds to
the upper range of available studies cited abokierd'were two other places in the landscape

where sediments were deposited further downstréBnthe river channel due to the decrease
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in the mean slope gradient from the 23 ha to tH¥ 1ta outlets one and (2) the presence of
two dams immediately upstream from the 1000 hahcaént outlet.

The selected nutrients were Dissolved Organic Gaif@OC), Particulate Organic Carbon
(POC) and Nitrate (N®). The sediment delivery ratio between microplotsl @lots was
1.57. It was 0.30 between plots and the 23 ha naohand 0.31 between the 23 and 100 ha
catchments. The scale ratios of DOC between thdamgeflow generated on the hillslopes at
the plot scale (10 fnand the 23 ha catchment was 0.84the DOC vyields at the catchment
was 46 percent lower than that of the DOC yieldsnfrthe plot scale. The delivery ratio
between the 23 ha and 100 ha catchments increhaeplysto 1.90; and decreased between
the 100 ha and 1000 ha catchments to 0.67. Theedgliatio of POC between the microplots
and plots was 1.05, which showed that there wae R@C transported from the plots than
the microplots. A reason for such behaviour carekgained by the different erosion and
transport mechanisms occurring at the larger pbéatles Within longer plots there is a
combination of both interrill and rill erosionalquesses, which leads to greater transport of
soil particles and entire soil aggregates as shoyv®@akes (2012) in the Potshini Catchment.
The delivery ratio ratio decreased to 0.30 betwkerplot and 23 ha catchment outlet; and to
0.01 between the 23 ha and 100 ha catchments.cHie raitio for POC between the 100 and
1000 ha catchment outlets was close to zero siheesédiment fluxes at the 1000 ha

catchment were minimal.

The NG delivery ratio was 1.84 between the microplot plat scales. It sharply decreased
to 0.44 between the plot and 23 ha catchment; éigedy ratio between the 23 and 100 ha
catchment outlets subsequently increased to 118®;fiaally decreased to 0.22 at the 1000

has.

For both the dissolved nutrients, DOC and jNGhe delivery ratios had similar trends
occurring within the landscape. The trend was ler delivery ratio to decrease between the
plot and 23 ha catchment (which ranged between faB4nicroplots and plots; and 0.44
between the plots and the 23 ha catchment); a stesgase between the 23 ha catchment and
the 100 ha catchment (exactly 1.90); and a sud@eredse between the 100 ha catchment
and 1000 ha catchment, which ranged of 0.67 an2l 0)2e decreases from plot scale to the
23 ha catchment can be explained by the associletase in delivery ratios of runoff,

which can result in differing nutrient yields. Tldecument did not intend to find explanatory
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reasons on the variations of nutrient and carbareB8 across scales. This being said, the
increase in both DOC and NCbetween the 23 ha catchment and the 100 ha cabthree
likely to come from the decomposition of organictteg which releases not only G@ the
atmosphere, but as well NQo the water. In addition, the decay of the migrganisms
involved in OM decomposition increases DOC contanthe water (Mchunwet al., 2011).
Aitkenheadet al. (1999) found that the increase in DOC concentnatiostreams correlated
to the amount of wetlands occurring within a catehtn Indeed, the river channel from our
23 ha catchment to the 100 ha outlet is braided atmyriad of connected wetlands.
Furthermore, these additions can come from thelsuale agriculture in this area of the
catchment. Fertilizers (both inorganic and orgamie used to supplement the natural soil
fertility. Such practises are done to increase giefuls. The use of specific tracers such as Ur
or Zn, which are present in inorganic fertilisexauld allow insights into this issue. The
subsequent downstream decrease of nitrate leveldea result of either an input of water to
the river which has a lower nitrate concentratidiiu{ion) or the consumption of nitrate
within the river channel. Two sources of water cimiting to runoff may play a role: (a) the
deep groundwater (sampled from boreholes), andab@msourced from the hillslopes of the
catchment. The first two compartments are likel\héwe lower nitrate concentrations (Cirmo
and McDonnell, 1997) and specifically nitrate camtcations (Grimaldi and Chaplot, 2000).
In addition, chemical denitrification in deep growater can take place in the presence of
iron species which are in contact with geologicakenials (Koelleet al, 1985; Postmat al,
1991). The decrease in nutrients between the 1@h&d.000 ha catchments can be explained
by the discontinuity in runoff resulting from thards located the 2 monitored scales, which
are utilised on the commercial farm. Any dissolvedrients in the catchment flow will be

impounded by these dams.

The behaviour of the particulate Carbon delivetyosabetween the microplot and plot scales
showed there being an increase in the amount ¢icpkate Carbon. This is possibly, due to
more advanced erosion processes, occurring at ltitespale. This is supported by the
sediment delivery ratios between the different exallhe steady decrease in the delivery
ratios the plot scale to the 100 ha catchment pamthe depletion of particulate Carbon, due
to deposition along the hillslope and stream chkhonehe decomposition of the bonded
Carbon by micro-organisms. Low carbon deliveryastirom the plot scale to the 1000 ha
catchment outlet, pointed to the decomposition @Dand possibly POC. POC could as well

be deposited within the catchment. Specific studiesorganic carbon fluxes at catchment
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level are to our knowledge very rare. These resuktsin concordance with those of Chaplot
and Poesen (2012) on POC delivery ratios, whianes of the few papers on the scale issue
for eroded organic carbon. Waegal. (2010) in a study conducted in the Belgian Loess b
found that detached POC from the soil did not dgmmse, but rather was re-deposited within
the catchment boundary or further transported dowasy in catchment runoff. Such a
conclusion was based on the stability of the isiotggnatures and ratios across different
spatial scales of € and G% Wanget al. (2010) based these conclusions on there being no
decomposition occurring within the catchment argb aloes not take into consideration the
changes of théC isotope, which may be increased by the inputs fioe water erosion of
organic matter, which can be composed of Hitff**C ratios. Such conclusions seem quite
speculative and not applicable for this studyhie ¢ase of this study, the decrease in the POC
fluxes in conjunction, with the '€ ratios staying constant between the 23 ha andh00
catchment outlets as found by Juarez (2010), témdshow that decomposition of POC is
significant within this catchment. This process|lwicrease the fluxes of DOC and NO

between the 23 ha catchment and 100 ha catchment.

There needs to be further research and investigatio the behaviour of nutrients, such as
DOC, POC and N© beyond the fate of the microplot, plot and catchirundaries. Such
an approach requires a better understanding of daehment’'s geochemistry and

microbiology.

4.4 Depletion of Soil stocksin Specific Nutrients Dueto Water Erosion

A study on the soil stocks of carbon and otherients was conducted within the 23 ha
catchment by Dlamini (2010). The study had two n@fectives: (a) to evaluate the spatial
variations of soil organic carbon and nutrient k&painder an overgrazed grassland; and (b)
to quantify the impact of some of the controllimgtiors on the soil nutrient stocks within the
23 ha catchment. In the context of this currentysthere was not a detailed assessment of the
controlling factors of nutrient losses, nutriemnsport and nutrient transformations within the
catchment, as was the case for the soil nutrieakst Such an objective requires a complete
understanding of the carbon and nitrogen cyclaglation to the hydrological processes and
pathways in conjunction with the biological actyivithin the catchment at the various
hydrologically important areas (hillslopes, chanaad damd.e. where the water samples

were taken in the catchment). This objective wagobd the scope of the research. In the
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study of Dlamini (2010), the topsoil (0-0.05 m)tbé 23 ha grassland catchment was sampled
at the nodes of a 20x20 m grid. The average staeks found to be 12.2 t/ha for OC and
0.7 t/ha for soil organic nitrogen (ON) (DlaminiQZ0). With the use of these figures, the
percentage loss of 0-0.05 m soil stocks by watesien during the 2010-2011 rainy season,
would be as much as 2.8% for OC when microplot 6$3és are considered, 3.4% for plots
and 1.1% for the 23 ha catchment outlet. With exfee to ON, the percentage of the soill
Nitrogen stock lost during the 2010-2011 rainy seasas 3.7% for 1 fn 4% for 10 n3; and
0.6% for the 23 ha catchment outlet.

The percentage of the soil organic nitrogen stdogisat the different scales for this study are
comparable to studies that have been conductedhir garts of the world. For example,
Vanni et al. (2001) found that for a 50 hectare agriculturdtiment in Ohio the total soil
organic nitrogen stock lost in runoff had a 5-yaaerage of 1.1%, compared to 0.6% for the
23 ha catchment. However, the amount of soil oxgairogen stocks lost from this study and
the study of Vanniet al. (2001) are lower than those found in a study cotetliin the
sugarcane growing areas of tropical Mauritius by lee Kwonget al. (2002). Ng Kee
Kwong et al. (2002) found that the mean percentage of soilrocgaitrogen stocks lost for a
70 hectare catchment was 12.3% over a 3 year period

The amount of organic Carbon lost at the? 1t18%) microplot and 10frplot (3.4%) scales
Is in the same range of sediment soil organic carf®OC) (2.4%<Sediment SOC<6%)
(Mchunuet al, 2011) lost from 22.1 frunoff plots in the small-scale agricultural areds
the Potshini Catchment, where maize is grown. Hsallts of this study and Mchurai al.
(2011) are in the same range (0 - 3.5%) of the samhnic carbon losses determined by
Quintonet al. (2006) in a study conducted in the United Kingddtowever, the percentage
of organic carbon lost at the different scalesrateh lower (0.09%<0C<0.6%) (Quint@t
al., 2006) and not within the range of OC losses ftepioby Mchuntet al. (2011). For both
the results obtained in this study and the resaftsMchunu et al. (2011), they are
considerably lower than the losses of OC from rfiptdts of 35 ni installed on different
land management techniques found by Bestadl. (2007) in a study conducted in the Santa
Catarina Highlands of southern Brazil. Berélal. (2007) found that the OC in sediments
lost from the soil ranged between 100% and 117%eni@éing on the land management
practice. The soils of the study area used by Bett@l. (2007) are of a similar soil type

(Acrisols) to those of the ones found in the Patisbatchment. It is therefore apparent that
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the organic carbon losses occurring within the fotscatchment are within the range of

particulate carbon lost in different parts of therid.

The question of whether or not these losses afgehithan the natural replenishment of the
soil OC and ON needs to be addressed. Moreovefateef the eroded and transported soil
organic carbon between the different spatial scaledservation, as well as the composition
of the sediments exported from the 1000 ha catchmesds to be further investigated. In a
preliminary study conducted in the 23 ha catchnoétihe Potshini Catchment by Juaedzl.

(2011), it was found that sediments with an OCatimient factor of 1.8% were prone to high

mineralization rates and G@missions to the atmosphere.

45 Landscape Connectivity for Runoff, Organic Carbon and Nutrients

The end member mixing analyses conducted, were néraliattempt to evaluate the
contribution of the different water sources atthegous spatial and temporal scales within the
catchment. There was a general increase from tHe2Z&tchment to the 1000 ha catchment
in the contributions of soil water and decreaseatrdautions from overland flow. Moreover,
peak flows tended to be mainly composed of OF aig\8hilst low flows had a groundwater
source. This result was surprising as groundwai@s expected to continue to contribute
some water to runoff during rainfall events. Durpegriods of low flow, soil water, which has
moved deeper into the soil profile and reached sb#bedrock interface is expected to
continue contributing to runoff (Lorentz, 2012). elhsotopic and tracer signals of
groundwater sourced water may have been weak wirepared to that of the water sourced
from overland flow and soil water (Lorentz, 2012he results from the study were consistent
with what has been found elsewhere. For examplewBret al. (1999) found that, for
different events, OF contributed between 21 and 88%soil water between 10 and 31 % to
catchment runoff in a 24ha catchment located in Néwk State. In a 109ha catchment,
overland flow contributed between 15 and 51% tccloaent runoff, whilst soil water
contributions were between 18 and 46%, with grouatdwhaving contributed some water to
catchment runoff (Browret al, 1999). Ribolziet al. (2000) in a 91ha Mediterranean
catchment of Southern France found that the carttdb of OF ranged between 12 and 82%
during rainfall events. Groundwater contributioascatchment runoff was, in this study, high
when compared to these international studies. Hewethe fact that soil water and OF

contributions were the highest during rainfall egewas consistent with the previous studies.
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Groundwater contributions increased with increasiagthment size has also been found by
Huntet al, (2005), Tetzlafet al, (2007), Tetzlaff and Soulsby (2008).

4.6 Impact of Soil Moisture and Antecedent Rainfall on Landscape Connectivity

The results of this study showed a sudden incrigage fluxes of water and nutrients during
a specific period of the rainy season (as notiogéigure 3.7). In relation to this, the temporal
variations of soil water tension at different dep#ind landscape positions are shown in
Figure 4.5. When comparing Figures 3.7 and 4.5,esapticeable trends can be identified.
The spatial variations of soil moisture could expldne temporal variations of the fluxes of

water and nutrients within the catchment.
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The movement of water in the unsaturated zones @itehment needs to be monitored to
better understand the response of the catchmenachieve this, the investigation of soll
water tensions of different depths within the smild at different landscape positions was
conducted. When comparing the soil water tensidriceo Footslope and Midslope locations
to the cumulative flux of the different scales (kg 4.5), the impact of the degree of
catchment wetness on the catchment response tfalkasan be viewed. The cumulative
volume curves generated at the*imicroplots, 10r, and 100 ha catchment all showed a
steep increase and change in the amount of waterafed per unit area during the period of
late November to December 2010 and late March 20kis corresponded to the period in
which the soil water tensions of all the monitodegths at the Footslope, Midslope and at the
Shoulder were low. This was indicative of the $@il/ing increased saturation by water. The
23 and 1000 ha catchment outlets showed cumulatieme curves indicative of consistent
flow, but during some periods of the rainy seasmng were sudden and steep increases in the
cumulative flux curves, which coincided with a jekiin which there was consistent rainfall
and decreased/lower soil water tensions. The amoiuniater generated at all the different
nested scales increased during specific periodswieesoils within the catchment increased
in wetness. Thus, connectivity between the differeested scales was assumed to have
occurred. Such a result highlights the importahe that the wetness of the soils within a

catchment have on the spatial and temporal vanisid runoff generation.

In addition, these periods also occurred when thkevgater tensions of the Footslope and
Midslope positions were low, which was associatetth wicreased soil water conterd.q.
mid to late December 2010). The sudden changeseirbéhaviour and decrease of the soll
water tensioni(e. when the soil went from being dry to being wetjresponded to a certain
amount of rainfall. This rainfall corresponded e fperiod since the start of the rainy season
until the date at which the change in the soil watasion occurred. This can be viewed as a
threshold amount of antecedent rainfall requiredved up the soil. The antecedent rainfall
prior to the month of December 2010 was 226.2 mms.tihe decrease in the soil water
tensions corresponded to an increase in the wateed of the different scales, it is important
to have an understanding of these thresholds terbatderstand and predict the behaviour of
catchments with respect to periods of increasedrapdl catchment runoff. The use of a
simple method, such as a threshold amount of dairdguired to decrease the soil water
tensions and increase the soil water content cprgsgie to be valuable in predicting when

there will be an increase in catchment runoff.
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At the Footslope and Midslope positions a longerigoe of wetting up of the soil was
observed. The Midslope position wetted up (and egbsntly decreased soil water tensions)
faster than that of the Footslope and Shouldertipasi This corresponded to the month of
November. However, the Footslope location showddlayed response (in comparison to the
Midslope location), with the soil water tension02 m and 1 m suddenly decreasing at the
end of November. Thereafter, the soil water terssifom all depths for both these locations
stayed low, with there being some increases dyvergpds of little to no rainfall. However,
when rainfall occurred, all 3 depths at both lomasi responded instantaneously. At the
Footslope and Midslope, the soil profile for botledtions stayed relatively constant and low
in terms of soil water tension for the durationtbé rainy season. The Shoulder of the
hillslope showed, initially, that the soil at a tlef 0.2 m required less antecedent rainfall
than the corresponding depths at the Midslope awmtslope positions for the soil water
tensions to decrease. There was a great deal w@tigarin the soil water tension at the
Shoulder location, with the soil at a depth of 1d0 showing a trend of responding rapidly
(decrease in the monitored soil water tensiongiofall and then subsequently drying rapidly

(increase in the monitored soil water tension) witeme was no rainfall.
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5. CONCLUSION

In this study, the two main objectives were to:
a) To investigate the spatial and temporal variatioihgverland flow (OF) and its factors
of control at the hillslope level; and

b) To evaluate runoff, organic carbon and nutrientdluat different scales.

There were two main findings on the spatial andpimal variations of OF. The first one was
that OF had a high degree of spatial variationhwiite fastest OF generation and highest
amounts produced in areas that were either highdyatled or were saturated. Plots tended to
produce more overland flow than microplots. Theosecmain result was that OF was found
to be either saturation excess overland flow intbgomlands or Hortonian overland flow on
the rest of the hillslope. In the bottomland, OFiation and amounts were controlled by soll
wetness in relation to soil saturation, while oe Hillslope, OF variations were most affected
by soil surface characteristics (mostly soil cmgtand soil surface coverage) and soil clay

content.

The main results on runoff, organic carbon andientrfluxes at the different scales are
summarized in Figure 5.1, a schematic representaifothe fluxes interpreted from field
observations and tracer observations. The studistape appeared to be constituted of three
distinct compartments, each with a specific behavio

a) The study hillslope;

b) First order stream; and

c) Dam-impacted stream.

The hillslope experienced high water, SOC and entrifluxes, with most of the water
infiltrating and replenishing the soil and groundevastores. Sediments and SOC fluxes were
the highest at the plot scale. Yields increasedhftbe microplot to the plot scale. These
yields increased, as interrill erosion mechaniseoime more efficient. The loads decreased
further to the 23 ha catchment outlet, as OF natibn and sedimentation at footslopes
occurred. Most of the water and nutrients expofteth the hillslope have a shallow water

table origin.
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At the 23 ha catchment outlet, there was a steadsedse in the runoff and dissolved nutrient
loads, whilst there was a sharp decrease for sadiraed particulate nutrient fluxes.
However, there was an increase in the fluxes di IIEDC and N@ that could be explained
by the increased decomposition of the depositedrocgmatter. Such a process ultimately
leads to the release and increase of DOC and dexbsbecies of N to the stream as well as
increased emissions of G@o the atmosphere. Temporally, water, sediment mundent
fluxes at both the 23 ha catchment and 100 ha eechoutlets increased, as the soils of the
catchment increased in saturation by water. Thepeared to be an interaction, between both
scales, with deep groundwater with some soil wated overland flow contributing to

catchment runoff during events at both scales.
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Figure5.1 Schematic representation of the water, sedineeganic/inorganic carbon and
nutrient fluxes at the catchment level and integatdrom fluxes and tracers

evaluation
5.2 Future Perspectives

There was a sharp decrease in runoff, nutrients saadment fluxes at the dam-impacted
stream and the resulting exports from the 1000 &@hement outlet were found to be

considerably low for sediments, particulate nutsesnd nitrate. This was accompanied by a
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slight decrease in DOC, which probably reflectchamical reactions within the dams. These
biochemical reactions within the dams require fartresearch. The decrease in water fluxes
in this compartment is probably caused by dam etitnas (for irrigation) and direct
evaporation as evidenced by the evaporated isosigitature of water sourced from the
dams. In comparison, the catchment water outfloas fthe 1000 ha catchment outlet had a

groundwater signature (data not presented).

Further understanding of the processes leadinpdoges of nutrient and carbon fluxes need
to be performed in order to link this study withetloverall ecosystem functioning of a
landscape. Such a study requires more field obsengaand ultimately more data. A focus
on the fate of the nutrients beyond the observedesds required as well as larger scale
observations. Such an approach can be used tgeldta the results from this study to larger
areas. The results of this study highlighted therekese in particulate nutrient yields between
the 23 ha catchment and 100 ha catchment outldtdstvihe yields of certain dissolved
nutrients increased. If these particulate nutrieaspecially particulate organic Carbon, are
mineralized, then there would be implications focreased C@emissions. With increased
land degradation throughout the world, increased €@issions due to accelerated erosion of

soils, which are enriched in Carbon, will have &ngplications for climatic change.

86



6. REFERENCES

Aitkenhead, JA, Hope, D and Billett, MF. 1999. Tre&ationship between dissolved
organic carbon in stream water and soil organibaarpools at different spatial
scalesHydrological Processe$3:1289-1302.

Auzet, AV, Poesen, J and Valentin, C. 2004. Sailese characteristics: dynamics and
impacts on soil erosion. Editoridtarth Surface Processes and Landfor29s1063—
1064.

Bartley, R, Roth, CH, Ludwig, J, McJannet, D, L&l A, Corfield, J, Hawdon, A. and
Abbot, B. 2006. Runoff and erosion from Australii@pical semi-arid rangelands:
influence of ground cover for differing space amdet scalesHydrological Processes
20:3317-3333.

Bautista, S, Mayor, AG, Bourakhouadar, J and BelloR0O7. Plant Spatial Pattern
Predicts Hillslope Runoff and Erosion in a SemiaNtkditerranean Landscape.
Ecosystem$0:987-998.

Ben-Hur, M, Shainberg, I, Keren, R and Gal, M. 19Bfect of water quality and drying
on soil crust propertie§oil Science Society of America Joura@l191-196.

Bergkamp, G. 1998. A hierarchical view of the iatrons of runoff and infiltration with
vegetation and microtopography in semiarid shrutda@ATENA33(3-4):201-220.

Bertol, I, Engel, FL, Mafra, AL, Bertol, OJ and ®it, SR. 2007. Phosphorus, potassium
and organic carbon concentrations in runoff watet sediments under different soil
tillage systems during soybean growsiwil and Tillage Resear®v:142-150.

Beven, K, Heathwaite, L, Heathwaite, L, HaygarthWRiiling, D, Braizer, R, Withers,

P. 2005. On the concept of delivery of sedimentrantdents to stream channels.
Hydrological Processe$9:551-556.

Bloschl, G and Sivapalan, M, 1995. Scale issuéwg/drological modeling: A review.
Hydrological Processe8:251-290.

Bracken, LJ and Croke, J. 2007. The concept ofdigdical connectivity and its
contribution to understanding runoff-dominated geqgohic systemsHydrological
Processe®1:1749-1763.

Brown, VA, McDonnell, JJ, Burns, DA and Kendall, 99. The role of event water, a
rapid shallow flow component, and catchment sizeummer stormflowJournal of
Hydrology217:171-190.

87



Cammeraat, ELH. 2004. Scale dependent thresholagdimlogical and erosion response of
a semi-arid catchment in southeast Spaigriculture, Ecosystems & Environment
104:317-332.

Casenave, A and Valentin, C. 1992. A runoff capigtilassification system based on
surface features criteria in semi-arid areas of tWAdsca. Journal of Hydrology
130(1992):231-249.

Cerdan, O, Le Bissonnais, Y, Govers, G, Lecomteyavi, Oost, K, Couturier, A, King, A and
Dubreuil N. 2004. Scale effect on runoff from expental plots to catchments in
agricultural areas in Normandyournal of Hydrology99:4-14.

Chaplot, V, Khampaseuth, X, Valentin, C and Le Bisais, Y. 2007. Sheet erosion in the
sloping lands of northern Laos submitted to shiftioultivation. Earth Surface
Processes and Landform32:415-428.

Chaplot, V, Brown, J, Dlamini, P, Eustice, T, JanekL, Jewitt, G, Lorentz S, Martin,

L, Mchunu, C, Oakes, E, Podwojewski, P, Revil, 8mRel C and Zondi, N. 2010.
Rainfall simulation to identify the storm-scale rhanisms of gully bank retreat.
Agriculture Water Managemef8:1704-1710.

Chaplot, V and Poesen, J. 2012. Sediment, soihicgarbon and runoff delivery at various
spatial scale€Catena88(2012):46-56.

Cirmo, CP and McDonnell, JJ. 1997. Linking the lofdgic and biogeochemical controls
of nitrogen transport in near-stream zones of teatpdorested catchments: a review.
Journal of Hydrology199:88-120.

Descheemaeker, K, Nyssen, J, Poesen, J, Raesjl®, MaMuys, B and Deckers, S.

2006. Runoff on slopes with restoring vegetation.cdse study from the Tigray
highlands, Ethiopialournal of Hydrology331:219-241.

Detty, JM and McGuire, KJ. 2010. Topographic colsten shallow groundwater
dynamics: implications of hydrologic connectivitgtiveen hillslopes and riparian
zones in a till mantled catchmehtydrological Processe24: 2222-2236.

Devaurs, M and Gifford, GF. 1984. Variability offiltration within Large Runoff Plots on
Rangelandslournal of Range Managemesif:523-528.

De Vente, J, Poesen, J, Arabkhedri, M and Vergm&t. 2007. The sediment delivery
problem revisitedProgress in Physical Geograpi3l:155-178.

88



Dexter, AR, 1988. Advances in characterizationaif structure Soil Tillage Research
11:199-238.

Dexter, AR and Richard, G. 2009. The saturatedduldr conductivity of soils with n-
modal pore size distribution&eodermal54:76-85.

Dlamini, PE. 2010. An assessment of soil organtbaa and nutrient stocks in the Potshini
catchment, KwaZulu-Natal, South Africa. Unpublisnd&c Dissertation, School of
Bioresources Engineering and Environmental Hydrplogniversity of KwaZulu-
Natal, Pietermaritzburg, RSA.

Dlamini, P, Orchard, C, Jewitt, G, Lorentz, S, mé@l, L and Chaplot, V. 2011.

Controlling factors of sheet erosion under degragiedslands in the sloping lands of
KwaZulu-Natal, South AfricaAgricultural Water Manageme®8(11):1711-1718.

ESRI, 2004Understanding GISThe ArcView GIS 3.ZSRI, 380 New York Street,
Redlands, CA, USA.

Fujimoto, M, Ohte, N and Tani, M. 2011. Effectshifslope topography on runoff
response in a small catchment in the Fudoji Expentad Watershed, central Japan.
Hydrological Processe@011):1-13.

Grimaldi, C and Chapilot, V. 2000. Nitrate depletauring within-stream transport: Effects
of exchange processes between the streamwatehypi@heic and riparian zones.
Water, Air, and Soil Pollutiod24: 95-112.

Heathwaite, AL and Johnes, PJ. 1996. Contributfddiimpogen Species and Phosphorus
Fractions to Stream Water Quality in Agriculturalatthments. Hydrological
Processed0: 971-983.

Hernandez, T, Nachabe, M, Ross, M and Obeyseke2@03. Modelling runoff from
variable source areas in humid, shallow water tadatwironments.Journal of
American Water Resources Associatd®75-85.

Hewlett JD and Hibbert AR 1967. Factors affecting tesponse of small catchment to
precipitation in humid areas. Forest Hydrology Supper WE (ed). Pergamon: New
York; 275-290.

Hooper, RP and Shoemaker, CA. 1986. A comparis@heinical and Isotopic Hydrograph
SeparationWater Resources Reseaizh 9(10): 1444-1454.

Hopp, L and McDonnell, JJ. 2009. Connectivity & thllslope scale: Identifying
interactions between storm size, bedrock permégb#iope angle and soil depth.
Journal of Hydrology376(2009):378-391.

89



Horton RE. 1933. The role of infiltration in thedrplogic cycleTransactions of American
Geophysical Uniori4: 446-460.

Hunt, RJ, Coplen TB, Haas, NL, Saad, DA and Bomthan.A. 2005.

Investigating surface water—well interaction usisigible isotope ratios of water.
Journal of Hydrology302:154-172.

Huth, AK, Leydecker, A, Sickman, JO and Bales, R@D4. A two-component
hydrograph separation for three high-elevation loatnts in the Sierra Nevada,
California.Hydrological Processe$8:1721-1733.

ISSS Working Group RB, 1998. World Reference Base&sbil Resources. In: Deckers, JA,
Nachtergaele, FO and Spargaren, OC. (Ebrpduction 1st edition ISSS.ISRC.
FAO. Acco Leuven, Belgium.

Iwagami, S, Tsujimura, M, Onda, Y, Shimada, J aadaka, T. 2010. Role of bedrock
groundwater in the rainfall-runoff process in a Brheadwater catchment underlain
by volcanic rockHydrological Processe24 (2010):2771-2783.

James, AL and Roulet, NT. 2009. Antecedent moistarelitions and catchment
morphology as controls on spatial patterns of rbrggneration in small forest
catchmentsJournal of Hydrology377(2009):351-366.

Jencso, KGMcGlynn, BL, Gooseff, MN, Wondzell, SM., Bencal&: and Marshall,

LA. 2009. Hydrologic connectivity between landscamnd streams: Transferring
reach- and plot-scale understanding to the catcheoathe Water Resources Research
45:pp1l6.

Jordan, A, Martinez-Zavala, L and Bellinfante, R08. Heterogeneity in soil hydrological
response from different land cover types in souttgpain CATENA74:137-143.

Joel, A, Messing, I, Seguel, O and Casanova, M22B@asurement of surface water
runoff from plots of two different sizeblydrological Processe$6:1467-1478.

Juarez, S. 2010. Carbon mineralization and ligtmmtent of eroded sediments within a
small-scale agricultural watershed of South-Afritlpublished MSc Dissertation,
Department of Agronomy, AgroParisTech, Cedex, Feanc

Juarez, S, Rumpel, C, Mchunu, C and Chaplot, V12Q@hrbon mineralization and lignin
content of eroded sediments from a grazed watersh8duth-Africa.Geodermal67-
168:247-253.

Koelle, W, Strebel, O and Boettcher, J.1985. Foionadf sulfate by microbial
denitrification in a reducing aquiféWater Supply-26-35.

90



King, G.M., 2002. An explanation of the 1:500 OGhgral hydrogeological map, Dept. of
Water Affairs and Forestry, Pretoria, Republic olith Africa.

Latron, J and Gallart, F. 2008. Runoff generatiootpsses in a small Mediterranean
research catchment (Vallcebre, Eastern Pyrenedgurnal of Hydrology
358(2008):206-220.

Li, XJ, Li, XR, Song, WM, Gao, YP, Zheng, JG and,RL. 2008. Effects of crust
and shrub patches on runoff, sedimentation, aradeInutrient (C, N) redistribution
in the desertified steppe zone of the Tengger DeNerthern ChinaGeomorphology
96(2008):221-232.

Lorentz, S.A. 2012. Personal Communication, Schb@&ioresources Engineering and
Environmental Hydrology, Pietermaritzburg, Southiéd, 27 February 2012.

Los Gatos Research. 2007. DLT-100 Liquid-WaterdgetAnalyzer Automated Injection:
Manual Rev 07-C.

McBratney, AB and Webster, R. 1983. How many obattons are needed for regional
estimation of soil propertiesXoil Sciencd 35:177-183.

McGlynn. BL, McDonnell, JJ and Brammer, DD. 2002. A reviefithe evolving
perceptual model of hillslope flowpaths at the Maincatchments, New Zealand.
Journal of Hydrology257 (2002):1-26.

McGlynn, BL, McDonnell, JJ, Seibert, J and Kend@ll,2003. Scale effects on headwater
catchment runoff timing, flow sources and grounaastreamflow relationsWater
Resources Researdi®:40 pp.

McGlynn, BL, and McDonnell, JJ. 2003a. Role of dete landscape units in controlling
catchment dissolved organic carbon dynamWsater Resources Resear8b(4):18
PP.

McGlynn, BL and McDonnell, JJ. 2003b. Quantifyirng trelative contributions of riparian
and hillslope zones to catchment rundffater Resources Resear@®(11):20 pp.

McGuire, KJ and McDonnell, JJ. 2010. Hydrologicahnectivity of hillslopes and
streams: Characteristic time scales and nonlineari¥Water Resources Research
46:17 pp.

Mchunu, C, Lorentz, S, Jewitt, G, Manson, A and @bia V. 2011. No-Till Impact on
Soil and Soil Organic Carbon Erosion under CropidRes Scarcity in Africa.Soil
Science Society of America Jour&l(4):1502-1511.

91



McNamara, JP, Chandler, D, Seyfried, M, and Ac8e005. Soil moisture states, lateral
flow, and streamflow generation in a semi-arid, vemelt-driven catchment.
Hydrological Processe$9 (2005):4023-4038.

Mekki, 1, Albergel, J, Ben Mechlia, N and Voltz, K4006. Assessment of overland flow
variation and blue water production in a farmed is@na water harvesting catchment.
Physics and Chemistry of the Eah(2006):1048—-1061.

Meyles, E, Williams, A, Ternan, L and Dowd, J. 20B8inoff generation in relation to soil
moisture patterns in a small Dartmoor catchmentti®eest EnglandHydrological
Processed 7:251-264.

Meyles, EW, Williams, AG, Ternan, JL, Anderson, akd Dowd, JF. 2006. The
influence of grazing on vegetation, soil propertsa®l stream discharge in a small
Dartmoor catchment, Southwest England, UEarth Surface Processes and
Landforms31:622-631.

Miyata, S, Kosugi, K, Nishi, Y, Gomi, T, Sidle, Rtbd Mizuyama, T. 2010. Spatial
pattern of infiltration rate and its effect on hgtirgical processes in a small headwater
catchmentHydrological Processe24:535-549.

Murphy, SR, Lodge, GM and Harden, S. 2004. Surfatlewater dynamics in pastures in
northern New South Wales. 2. Surface rundffistralian Journal of Experimental
Agriculture 44:283-298.

Ng Kee Kwong, KF, Bholah, A, Volcy. L and Pynee,2002. Nitrogen and phosphorus
transport by surface runoff from a silty clay lo@mil under sugarcane in the humid
tropical environment of MauritiugAgriculture, Ecosystems and Environm&at147-
157.

Oakes, EGM. 2012. Erosion Dynamics at the Catchinevel: Spatial and Temporal
Variations of Sediment Mobilization, Storage and liB=y. Unpublished MSc
Dissertation, School of Bioresources Engineeringl &nvironmental Hydrology,
University of KwaZulu-Natal, Pietermaritzburg, RSA.

Ocampo, CJ, Sivapalan, M and Oldham, C. 2006. Hgdrcal connectivity of upland-
riparian zones in agricultural catchments: Implma$ for runoff generation and
nitrate transportJournal of Hydrology331: 643-658.

Parsons, AJ,Wainwright, J, Brazier, RE and Pow®ll,R2006. Is sediment delivery a
fallacy?Earth Surface Processes and Landfois1325-1328.

92



Podwojewski, P, Janeau, J-L, Grellier, S, Valer@inl.orentz, S and Chaplot, V. 2011.
Influence of grass soil cover on water runoff amil sletachment under rainfall
simulation in a sub-humid South African degradedhgedand. Earth Surface
Processes and Landfor3§:911-922.

Postma, D, Boesen, C, Kristiansen, H and Larseh9#1. Nitrate reduction in an
unconfined sandy aquifer: water chemistry, reductpyocesses, and geochemical
modeling.Water Resources ReseaZi(8):2027.

Quinton, JN, Catt, JA, Wood, GA and Steer, J. 2@l carbon losses by water erosion:
Experimentation and modeling at field and natiose@dles in the UKAgriculture,
Ecosystems and Environmerit2:87-102.

Ribolzi, O, Andrieux, P, Valles, V, Bouzigues, Rariac, T and Voltz, M. 2000.

Contribution of groundwater and overland flows tirsn flow generation in a
cultivated Mediterranean catchment. Quantificatioy natural chemical tracing.
Journal of Hydrology233:241-257.

Rommens, T, Verstraeten, G, Poesen, J, GoversaGRémpaey, A and Peters, I. 2005.
Soil erosion and sediment deposition in the Beldpass belt during the Holocene:
establishing a sediment budget for a small agucaltcatchmentThe Holocene
15: 1032-1043.

Sanjari, G, Yu, B, Ghadiri, H, Cielsiolka, CAA aRbse, CW. 2009. Effects of time
controlled grazing on runoff and sediment Io&astralian Journal of Soil Research
47:796-808.

Sen, S, Srivastava, P, Dane, JH, Yoo, KH and SBBw2010. Spatial - temporal variability
and hydrologic connectivity of runoff generatioreas in a North Alabama pasture -
implications for phosphorus transpdftydrological Processe24(2010):342—-356.

Schulze, R.E., 1997. South African Atlas of Agrotoldgy and Climatology. TT82/96.

Water Research Commission, Pretoria, RSA.

Shock, C, Barnum, JM, Seddigh, M. 1998. CalibratblVatermark soil moisture sensors for
irrigation management, pp.139-146, Proceedingh®finternational Irrigation Show,
San Diego, CA. Irrigation Association.

Sidle, RC, Tsuboyama, Y, Noguchi, S, Hosoda, lidéig, M and Shimizu, T. 1995.
Seasonal hydrologic response at various spatidésaa a small forested catchment,
Hitachi Ohta, Japadournal of Hydrologyl68(1995):227-250.

Soil Classification Working Group, 1991. Soil Cldissition. A Taxonomic System for South
Africa. Department of Agricultural Development, fnga, South Africa.

93



Starr, GC, Lal, R, Kimble, JM and Owens, L. 200%s@ssing the impact of erosion on
soil organic carbon pools and fluxes. In: Lal, Rale (Ed.), Assessment Methods for
Soil Carbon. CRC Press, Boca Raton, pp. 417-428id&al

Tetzlaff, D, Waldron. S, Brewer, MJ and Soulsby2G07. Assessing nested hydrological
and hydrochemical behaviour of a mesoscale catchosng continuous tracer data.
Journal of Hydrology336:430-443.

Tetzlaff, D and Soulsby, C. Sources of baseflovarger catchments — Using tracers to
develop a holistic understanding of runoff generatdournal of Hydrology359:287-
302.

Trimble, SW. 1983. A sediment budget for Coon Crea&in in the Driftless Area.

American Journal of Scien@383:1853-1977.

Uhlenbrook, S and Hoeg, S. 2003. Quantifying uraieties in tracer-based hydrograph
separations: a case study for two-, three- anddoraponent hydrograph separations
in @ mountainous catchmehtydrological Processe$7:431-453.

Vanni, M.J, Renwich, WH, Headworth, JL, Auch, JRI&cthaus, M.H. 2001. Dissolved
and particulate nutrient flux from three adjacegti@ultural watersheds: A five-year
study.Biogeochemistr4:85-114.

Van Es, HM, Cassel, DK and Daniels, RB. 1991. tr&#tlon Variability and Correlations
with Surface Soil Properties for an Eroded Hapludabil Society of America Journal
55:1346-1263.

van de Giesen, N, Stomph, TJ and de Ridder, N..2808ace runoff scale effects in West
African watersheds: modeling and management optgiscultural Water
Managemen?2:109-130.

van de Giesen, N, Stomph, T-J, Ajayi, AE and Bagay®. 2011. Scale effects in Hortonian
surface runoff on agricultural slopes in West Adridheory, models, and field data.
Agriculture, Ecosystems and Environm&af(2011):1214-1220.

Wakindiki, I1IC and Ben-Hur, M. 2002. Soil Mineralp@nd Texture Effects on Crust
Micromorphology, Infiltration, and Erosioigoil Society of America Journéb:897-
905.

Vigiak, O., Ribolzi, O., Pierret, A., Sengtaheuaoghg, O., Valentin, C., 2008. Trapping
efficiencies of cultivated and natural riparian g&gion of northern Laoslournal of
Environmental Quality37:889-897.

94



Walling, DE, Collins, AL, Jones, PA, Leeks, GJL abldl, G. 2006. Establishing fine-grained
sediment budgets for the Pang and Lambourn LOCABho®ents, UK.Journal of
Hydrology330:126-141.

Wang, Z, Govers, G, Steegen, A, Clymans, W, VanRigte, A, Langhans, C, Merckx,

R, and Van Oost, K. 2010. Catchment-scale carbdrstrdbution and delivery by
water erosion in an intensively cultivated at@aomorphologyl 24:65-74.

Wenninger, J, Uhlenbrook, S, Lorentz, S, and Ledguit, C. 2008. Identification of runoff
generation processes using combined hydrometaceitrand geophysical methods in
a headwater catchment in South Afrielgdrological Sciences JournaB(1):16 pp.

Williams, JR, Allmaras, RR, Renard, KG, Lyles, LoMenhauer, WC, Langdale, GW,
Meyer, LD, Rawls, WJ, Darby, G, Daniels, R and Még, R. 1981. Soil erosion
effects on productivity: A research perspect®eil Water Conservatiof6:82-90.

Williams, J and Bonell, M. 1988. The influence ok of measurement on the spatial and
temporal variability of the Philip infiltration pameters - an experimental study in an
Australian savannah woodlantburnal of Hydrologyl04:33-51.

Zehe, E and Bloschl, G, 2004. Predictability of tojdgic response at the plot and
catchment scales: Role of initial conditiondVater Resources Research
40(W10202):1-21.

95



